Pollution by Urban Submarine Groundwater Discharge from the Jepara Coastal Region and Its Implications for Local Water Management by Adyasari, Dini
Pollution by Urban Submarine Groundwater 
Discharge from the Jepara Coastal Region and Its 








In partial fulfillment of the requirements for the degree of  
Doctor of Natural Sciences (Dr. rer. nat) 
 
 













24 June 2019 
 
Examination Board  
Reviewers:  
Prof. Dr. Thomas Pichler  
Faculty of Geosciences, University of Bremen, Bremen  
 
Prof. Dr. Michael Böttcher 
Leibniz Institute for Baltic Sea Research, Warnemünde 
 
Examiners: 
Prof. Dr. Kai-Uwe Hinrichs 
Faculty of Geosciences, University of Bremen, Bremen 
Center for Marine Environmental Sciences (MARUM), Bremen 
 
Prof. Dr. Nils Moosdorf 
Leibniz Centre for Tropical Marine Research (ZMT), Bremen  




Doctoral student at Faculty of Biology/Chemistry, University of Bremen, Bremen   
 
Florian Senger,  








Versicherung an Eides Statt / Affirmation in lieu of an oath 
 
gem. § 5 Abs. 5 der Promotionsordnung vom 18.06.2018 / 
according to § 5 (5) of the Doctoral Degree Rules and Regulations of 18 June, 2018 
 
 
Ich / I, Dini, Adyasari, Kasseler Strasse 11 28215 Bremen, 3059277 
(Vorname / First Name, Name / Name, Anschrift / Address, ggf. Matr.-Nr. / student ID no., if 
applicable) 
 
versichere an Eides Statt durch meine Unterschrift, dass ich die vorliegende Dissertation 
selbständig und ohne fremde Hilfe angefertigt und alle Stellen, die ich wörtlich dem Sinne 
nach aus Veröffentlichungen entnommen habe, als solche kenntlich gemacht habe, mich 
auch keiner anderen als der angegebenen Literatur oder sonstiger Hilfsmittel bedient habe 
und die zu Prüfungszwecken beigelegte elektronische Version (PDF) der Dissertation mit der 
abgegebenen gedruckten Version identisch ist. / With my signature I affirm in lieu of an oath 
that I prepared the submitted dissertation independently and without illicit assistance from 
third parties, that I appropriately referenced any text or content from other sources, that I 
used only literature and resources listed in the dissertation, and that the electronic (PDF) and 
printed versions of the dissertation are identical. 
 
Ich versichere an Eides Statt, dass ich die vorgenannten Angaben nach bestem Wissen und 
Gewissen gemacht habe und dass die Angaben der Wahrheit entsprechen und ich nichts 
verschwiegen habe. / I affirm in lieu of an oath that the information provided herein to the 
best of my knowledge is true and complete. 
 
Die Strafbarkeit einer falschen eidesstattlichen Versicherung ist mir bekannt, namentlich die 
Strafandrohung gemäß § 156 StGB bis zu drei Jahren Freiheitsstrafe oder Geldstrafe bei 
vorsätzlicher Begehung der Tat bzw. gemäß § 161 Abs. 1 StGB bis zu einem Jahr 
Freiheitsstrafe oder Geldstrafe bei fahrlässiger Begehung. / I am aware that a false affidavit 
is a criminal offence which is punishable by law in accordance with § 156 of the German 
Criminal Code (StGB) with up to three years imprisonment or a fine in case of intention, or in 
accordance with § 161 (1) of the German Criminal Code with up to one year imprisonment or 








__________________________                               ___________________________ 





Submarine groundwater discharge (SGD) is known to transport terrestrial nutrients and other 
potential pollutants to coastal areas around the world. However, SGD studies in tropical 
developing regions, such as Southeast Asia, are scarce, even though this area is 
hypothesized to be an SGD hotspot due to favorable meteorological and hydrological 
conditions. Jepara, a coastal city in northern Java, is characterized by a number of 
environmental and anthropogenic steering factors (e.g., precipitation rates, volcanic geology, 
coastal population density, and urban land use) that may support the notion of considerable 
SGD rates and its associated pollutant fluxes. Therefore, this thesis investigates SGD 
volumetric estimation with nutrient and microbial community composition to analyze the scale 
of land-based pollutants delivered by SGD to the nearshore water. Additionally, 
environmental and health impacts of SGD and suggested coastal water management in this 
region are also discussed.  
222Rn was employed as a groundwater tracer in the coastal water to estimate SGD rates. 
Spatial and temporal 222Rn surveys were conducted in the estuaries and along the coastline 
of Jepara. The results indicate that terrestrial groundwater was discharged more at the 
estuaries than at the coastline. Fresh groundwater comprised up to 42% of total river 
discharge and 40% of total SGD at the coastline. SGD in this area was driven primarily by 
tidal pumping, with additional hydraulic gradient-driven fresh groundwater discharge at low 
tide. A combination of estuarine and coastal SGD results in total volumetric SGD rates of 6.6 
x 105 m3 d-1. SGD rates in this area were comparable with those of other volcanic SGD 
studies and were higher than those in other sub-tropical or temperate region studies.   
SGD was confirmed to deliver terrestrial dissolved inorganic nitrogen (DIN) and dissolved 
silica (DSi) to the coastal system, and it also potentially acted as one of the land–ocean 
delivery pathways for fecal indicators and bacterial pathogens. It was also found that salinity 
and temperature were the most determinant variables that shaped microbial community 
composition in an SGD cross section. Nutrient and land-use analyses suggest that high 
nutrient pools in the coastal hydrological system originated from human activities, i.e., 
agriculture, livestock, and the sewage system. This result was also supported by microbial 
community analysis, where identification of fecal indicators and potential pathogens in the 
SGD compartment  confirmed the occurrence of biological contamination. Nutrient levels and 
potential pathogens lead to coastal eutrophication and waterborne illnesses, which were 
reported from this area. From these observations, it was concluded that suitable coastal 
water pollution prevention at this study site should include terrestrial nitrogen containment 
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along the riverbank and estuaries (e.g., a constructed wetland or riparian zones) and the 
development of a sewage system and a centralized wastewater treatment plant.  
Overall, this thesis shows a significant amount of contaminant discharge in the coastal area 
via SGD due to a combination of both environmental and anthropogenic factors. Moreover, it 
can be inferred that a combination of interdisciplinary geoscience research (e.g., 
hydrosphere, biosphere, anthroposphere) can provide a deeper understanding and 
assessment of SGD in a specific environment. Even though it is a local study, the 
methodology and results of this thesis can be replicated and thus provide assistance in other 
coastal urban cities in tropical regions and hence facilitate better evaluation and monitoring 






Es ist bekannt, dass Submariner Grundwasserabfluss (SGD) terrestrische Nährstoffe und 
andere potenzielle Schadstoffe in die Küstengewässer transportiert. Wissenschaftliche SGD-
Studien in tropischen Entwicklungsländern sind unterrepräsentiert, obwohl z.B. Südostasien 
als Hotspot für submarine Grundwasseraustritte lokalisiert wurde. Jepara, eine Küstenstadt 
im Norden von Java (Indonesien), zeichnet sich durch eine Reihe von ökologischen und 
anthropogenen Eigenschaften aus (z.B. Niederschlagsraten, vulkanische Geologie, 
Küstenbevölkerungsdichte und städtische Landnutzung), welche zur Einschätzung beitragen, 
dass erhöhtes SGD mit hohen Schadstoffeinträgen vorzufinden sein könnten. Um diese 
Wissenslücke zu schließen wird in dieser Dissertation volumetrisches SGD tropischer 
Regionen in Hinblick auf nährstoffliche und mikrobielle Zusammensetzungen untersucht, um 
den Einfluss des Hinterlands auf die Küstenökologie zu bewerten. Des Weiteren werden 
Gewässer, Umwelt- und Gesundheitsauswirkungen von SGD untersucht und Empfehlungen 
für eine geeignete Wasserbewirtschaftung der Küstengewässer in dieser Region abgegeben. 
Zur Abschätzung der SGD-Raten wurde 222Rn als Grundwassertracer im Küstenwasser 
genutzt. Räumliche und zeitliche 222Rn-Untersuchungen wurden in Ästuaren und in 
Küstengewässern durchgeführt mit dem Ergebnis, dass terrestrisches Grundwasser in den 
Ästuaren höher ist als im Küstenwasser. 42% des gesamten Flussabflusses ist süßes 
Grundwasser, wobei 40% des gesamten SGD süß ist. SGD tritt hier hauptsächlich durch 
Gezeitenpumpen auf, wobei bei Ebbe zusätzliche Grundwassereinträge durch erhöhten 
hydraulischen Gradienten auftreten. Diese Kombination aus Ästuar- und Strand-SGD führt 
zu einem volumetrischen SGD von insgesamt 6.6 x 105 m3 d-1. Die SGD-Raten in dieser 
Arbeit sind vergleichbar mit anderen vulkanischen SGD-Studien, allerdings sind die Raten 
höher als in anderen subtropischen oder gemäßigten Regionen.  
Mittels dieser Studie wurde festgestellt, dass SGD terrestrisch gelösten anorganischen 
Stickstoff (DIN) und gelöstes Siliciumdioxid (DSi) und möglicherweise auch Fäkalindikatoren 
und bakterielle Pathogene in das Küstensystem einführt. Des Weiteren zeigte sich, dass sich 
die Zusammensetzung der mikrobiellen Gemeinschaft entlang der Land-Ozean-Grenzfläche 
abhängig vom Salzgehalt und der Temperatur verschiebt. Nährstoff- und 
Landnutzungsanalysen legen nahe, dass ein hoher Nährstoffgehalt im hydrologischen 
Küstensystem auf menschliche Aktivitäten zurückzuführen ist. Das beinhaltet Landwirtschaft, 
Viehbestand und Abwassersystem. Dieses Ergebnis wurde auch durch eine mikrobielle 
Community-Analyse bestätigt, bei der Fäkalindikatoren und potenzielle Pathogene 
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identifiziert wurden, welche eine biologische Kontamination im SGD-Kompartiment 
bestätigten. Die Einträge von Nährstoffen und potenziellen Krankheitserregern führen zu 
Küsteneutrophierung und Krankheitsausbrüchen, welches in diesem Gebiet ebenfalls 
gemeldet wurde. Anhand dieser Beobachtungen empfehle ich, dass eine Verschmutzung der 
Küstengewässer in diesem Untersuchungsstandort minimiert werden kann, wenn zum Einen 
Stickstoffeinträge an Land entlang des Flussufers und des Ästuars eingedämmt werden (z.B. 
durch Feuchtgebiete oder Uferzonen), sowie ein Abwassersystem und eine zentralisierte 
Abwasseraufbereitungsanlage in Betrieb genommen werden. 
Insgesamt zeigt diese Arbeit eine signifikante Menge an umwelt- und anthropogenen 
Einträgen in die Küstengewässer durch kontaminiertes SGD. Darüber hinaus kann gefolgert 
werden, dass eine interdisziplinäre SGD-Studie (z.B. Hydrosphäre, Biosphäre, 
Anthroposphäre) ein tieferes Verständnis und eine bessere Beurteilung von SGD an einem 
bestimmten Ort bieten kann. Obwohl es sich um eine lokale Studie handelt, können Methodik 
und Ergebnisse dieser Arbeit auf andere tropische Küstenstädte übertragen werden. Hiermit 
ist eine bessere Bewertung und Überwachung der tropischen Ökosysteme der 
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Submarine groundwater discharge (SGD) 
Submarine groundwater discharge (SGD) is defined as water flow through continental 
margins, with scale lengths of meters to kilometers, regardless of fluid composition or driving 
force (Burnett et al., 2003; Moore, 2010). Unlike river discharge, which is easily quantifiable 
because of its visible open channels, SGD was previously neglected in hydrology studies 
because of the difficulty in finding it and measuring its volume. SGD can take different forms 
in different coastal settings; it can penetrate the subaerial aquifer close to the coast (e.g., into 
an estuary) and discharge as terrestrial surface water; it can seep out diffusely across sandy 
sea floors at low rates; or it can flow along conduits through a karstic or volcanic aquifer and 
appear as springs (Burnett, 1999; Burnett et al., 2003). SGD flow in the subterranean estuary 
is affected by different driving forces, which may include terrestrial (e.g., terrestrial hydraulic 
gradient, aquifer permeability) or marine factors (e.g., wave setup, tidal pumping) (Santos et 
al., 2012). SGD fluxes may vary due to tidal cycle (Santos et al., 2009a; Taniguchi, 2002) or 
seasonal variability (Lewis, 1987; Michael et al., 2005; Zhang et al., 2017).  
SGD can be identified using various methods, the most implemented of which are seepage 
meters, natural tracer radionuclides (e.g., radon and radium), remote sensing, water 
balances, or numerical simulations (Burnett et al., 2006). 222Rn is often used as a 
groundwater tracer in the ocean due to its natural capacity to be enriched in groundwater and 
its short half-life of 3.8 days (Burnett and Dulaiova, 2003). 222Rn is continuously produced by 
the radioactive decay of 226Ra, which is found in aquifer solids or pore water (Dulaiova et al., 
2008). Thus, groundwater becomes enriched in 222Rn regardless of its salinity, and 222Rn 
measurement integrates both fresh and recirculated SGD. Past studies have employed 222Rn 
to detect groundwater seepage in various settings, i.e., rivers (Burnett et al., 2010; Peterson 
et al., 2010), estuaries (Santos et al., 2010; Schwartz, 2003), or along the coastline (Tait et 
al., 2013; Wu et al., 2013). 
SGD has been reported to bring nutrients (Slomp and Van Cappellen, 2004), metals 
(Rodellas et al., 2014; Windom et al., 2006), pathogens (Boehm et al., 2004; Knee et al., 
2008), organic carbon (Macklin et al., 2018; Santos et al., 2009a; Szymczycha et al., 2013), 
or alkalinity (Cyronak et al., 2013) to the coastal area. The global total SGD-derived fluxes of 
dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), and dissolved 
inorganic silicon (DSi) accounted for masses approximately 1.4-, 1.6-, and 0.7-fold of fluvial 
fluxes, respectively (Cho et al., 2018). Coastal habitats are generally sensitive to 
anthropogenic activities in their upstream terrestrial systems, especially in regard to nutrient 
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availability. Benthic communities in coastal areas generally strive towards an N/P ratio of 
16:1 for their growth (Redfield, 1958). The element that is available less than required for this 
ratio limits biological growth. As phosphorus is often retained in soil and groundwater, SGD 
usually has a P-limited condition, while the opposite limitation takes place in coastal water 
(Slomp and Van Cappellen, 2004). The expansion of human activities in watersheds may 
have significant ecological consequences by supplying nutrient-rich groundwater into the 
nearshore area, further altering the N/P ratios in the coastal water column, and thus affecting 
coastal zone nutrient cycling and contributing to eutrophication (Lee et al., 2009; Slomp and 
Van Cappellen, 2004). Yet, in oligotrophic regions, groundwater-derived nutrient flux can 
increase primary productivity in coastal habitats and elevate fish species richness and 
abundance (Utsunomiya et al., 2017).  
SGD studies related to the microbial community have been performed in different parts of the 
world (Lecher and Mackey, 2018). SGD was found to bring fecal bacteria or enteric viruses 
from pollution point sources into the hinterland, e.g., wastewater treatment plants (Boehm et 
al., 2004; De Sieyes et al., 2008; Fujita et al., 2013; Futch et al., 2010; Knee et al., 2008). 
SGD was also reported to alter bacterial or phytoplankton communities in the receiving 
coastal water (Adolf et al., 2019; Kaile'a and Wiegner, 2016). Microbial communities in the 
SGD pathway can also function as regulators of chemical fluxes discharging to the overlying 
water (Rogers and Casciotti, 2010; Santoro et al., 2006; Ye et al., 2016), and their 
composition tends to fluctuate during tidal cycles (Grossart et al., 2004; Lee et al., 2017).  
The literature has documented SGD in approximately > 650 studies in the past ten years; 
however, most of these studies were implemented in American, European, and East Asian 
regions. There were only 57 SGD-related studies in tropical regions; approximately 58% of 
them were performed in Hawaii. Africa, South America, and South Asia are some regions 
that are underrepresented in tropical SGD studies (Taniguchi et al., 2002). A tropical region 
is defined as an area situated within 50 km from equatorial climates, which are described as 
the mean temperature of the coldest month !18oC and precipitation of the driest month (PMin) 
!60 mm or annual precipitation = 25 × (100 − PMin) (Kottek et al., 2006). In addition to 
elevated precipitation rates, tropical regions are characterized by high aquifer permeability, 
fast weathering, nutrient-rich rocks, and active natural ecosystems; thus, they are 
hypothesized as SGD hotspots (Burnett et al., 2007b; Moosdorf et al., 2015). Many parts of 
the tropical belt, particularly in Southeast Asia, are under intense anthropogenic pressure, 
have high population density, and are listed as regions with the strongest human 
modifications of the coastal zone worldwide (Seitzinger et al., 2005). A global model also 
predicts an elevated input of nitrogen-related SGD fluxes in Southeast Asia due to intensive 
agricultural activity coupled with high runoff, even after accounting for surface runoff and the 
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denitrification rate (Beusen et al., 2013). Intensive agriculture is applied in this region due to 
favorable weather; however, tropical soils often have low nutrient retention capacities, thus 
increasing the percentage of nutrient infiltration into the aquifer system (Han et al., 2010). 
Based on these backgrounds, Southeast Asia has high susceptibility to a strong influence of 
SGD-derived nutrient fluxes in its coastal areas. 
Research gaps  
Previous studies in the Southeast Asian region pointed to notable SGD-derived nutrient 
fluxes in the megacities of Manila and Bangkok (Burnett et al., 2007b; Dulaiova et al., 2006; 
Taniguchi et al., 2008); another such study on a tropical coral reef area in the Philippines 
yielded similar results (Cardenas et al., 2010; Senal et al., 2011). The results of these studies 
suggest the occurrence of nutrient-rich groundwater fluxes into both urban coastal water and 
oligotrophic reef areas. As of 2016, there were no microbiological-related SGD studies from 
this region. Indonesia, which has the longest coastline in Southeast Asia, has a high 
probability of being a conduit of SGD and nutrient fluxes due to its favorable meteorological, 
hydrogeological, and social conditions. SGD studies in Indonesia have been implemented in 
some regions (Table 1-1); however, only two of these studies calculated the material fluxes 
of SGD, while the other studies only quantified SGD rates or 222Rn activities as groundwater 
signals in the coastal area.   
Table 1-1. SGD studies in Indonesia 
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Note: * denotes a study that is included in this thesis 
Based on these backgrounds, the research gaps that led to this study are (1) SGD studies 
related to nutrient fluxes in the tropical coastal region are missing, particularly in Southeast 
Asia, (2) microbiological aspects of SGD that are only little researched, and (3) sustainable 
water management related to SGD is not defined. 
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Research questions and objectives 
Based on the research gaps described above, this study developed the primary objective to 
quantify and characterize the role of SGD as land-ocean material transport vector in tropical 
coastal areas, particularly of potential pollutants such as nutrients or fecal/pathogenic 
bacteria. To achieve this objective, estimation of SGD rates, nutrient fluxes, and microbial 
community composition were performed in the estuary and coastline of Jepara, a coastal city 
in northern Java, Indonesia. Jepara was chosen as a study site due to its population density 
and rapid urban development, which might be a typical case for coastal cities in the 
developing region. Based on the results related to SGD estimation and characteristics in this 
study, this thesis will analyze issues related to SGD and water management on a local scale 
as well as the current local regulations related to SGD and coastal water ecosystems. Like 
many other developing countries, Indonesia still has problems with its technical, legal, and 
institutional framework covering sustainable water management in many of its regions.  
Thus, based on the primary objective, the research questions for this thesis are as follows:  
a. What is the rate and composition of urban SGD flux from the Jepara coastal region? 
b. What is the degree of nutrient loading from coastal SGD compared to river 
discharge? 
c. What are the nutrient biogeochemical processes at the SGD pathway? 
d. What are the potential health and environmental impacts of urban SGD on the coastal 
region? 
e. Based on the results of this study, what can be improved in current local water 
management? 
Thesis outline and overview of sampling sites 
This thesis includes three research papers that were produced during the doctoral period by 
the first author, and two excerpts of co-authored papers that did not concern the same 
location discussed in this study, but otherwise discussed SGD and nutrient fluxes in different 
environmental conditions. One of these papers is placed inside the body of the thesis 
because some of its results were used in the final general discussion. The list of all 
references for the individual chapters is provided after the concluding remarks to enhance 
clarity.  
Chapter 1 lists the scientific background, research gaps, primary objective, and research 
questions of this study.  
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Chapter 2 reports the results of SGD time series measurements in the estuaries of the two 
biggest rivers in Jepara (Figure 1-1, green dots and orange dashed line). Fresh groundwater 
and its associated nutrient fluxes to the rivers and estuaries were calculated. The potential 
origins of the nutrients were analyzed based on the existing land-use data. Nutrient budgets 
in the watershed and rivers were computed based on nutrient concentrations in the coastal 
hydrological continuum. This chapter was published with the title Groundwater nutrient inputs 
into an urbanized tropical estuary system in Indonesia in the journal Science of the Total 
Environment (Adyasari et al., 2018).  
Chapter 3 focuses on the temporal and spatial measurement of coastal SGD at two beaches 
in Jepara (Figure 1-1, red dots and yellow dashed line). Similar to the previous estuarine 
study, this measurement also incorporated a SGD quantification by 222Rn time series coupled 
with salinity, water level, and nutrient concentration. The primary drivers of coastal SGD were 
determined based on the 222Rn and salinity fluctuation during one tidal cycle. Correlation 
between SGD and specific nutrient species were used to formulate the proper coastal water 
management in the area. This chapter was published as a manuscript, titled Environmental 
impact of nutrient fluxes associated with submarine groundwater discharge at an urbanized 
tropical coast, in the journal Estuarine, Coastal and Shelf Science (Adyasari et al., 2019).  
Microbial community composition in the SGD transect of Awur Beach is analyzed in Chapter 
4 (Figure 1-1, purple dot). Microbial samples were gathered from coastal groundwater, pore 
water, seepage meters, rivers, and nearshore water. Microbial identification was performed 
using 16S rRNA gene sequencing methods. Microbial community analyses were conducted 
to investigate microbial dynamics from fresh to saline SGD, as well as to identify taxa 
indicative of biogeochemical processes and biological contamination in the land–ocean 
interface. This manuscript, titled Microbial community composition associated with submarine 
groundwater discharge site in northern Java (Indonesia), is under revision for resubmission 
to Science of the Total Environment. 
Chapter 5 consists of an excerpt of a paper from southern Java, Indonesia, which was co-
authored by the author of this thesis. This paper is titled Seasonal variability of land–ocean 
groundwater nutrient fluxes from a tropical karstic region (southern Java, Indonesia) and was 
published in the Journal of Hydrology (Oehler et al., 2018). The focus of this study was on a 
temporal variation of nutrient fluxes delivered by subsurface rivers in a karstic region of 
Gunung Kidul, Indonesia, and some of the results of this study were used in the extended 
discussion in Chapter 6. 
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An extended discussion related to SGD comparison between northern Java (Jepara) and 
southern Java (Gunung Kidul) is provided in Chapter 6. Additionally, local water 
management and a summary of each chapter are also explored in this chapter.    
Appendix I consists of an excerpt of a co-authored manuscript about an SGD study in a river-
dominated estuary of Mobile Bay (Alabama, United States). It is titled Natural groundwater 
nutrient fluxes exceed anthropogenic inputs in an ecologically impacted estuary: lessons 
learned from Mobile Bay, Alabama and is currently submitted to Biogeochemistry. This study 
evaluated the magnitude and seasonal variations of natural and anthropogenic fluxes of 
inorganic (NO3, NH4, PO4) and organic (DON and DOC) nutrients delivered by SGD to 
Mobile Bay. The excerpt included here represents the main part contributed by the author of 
this thesis. 
Appendix II lists all the conferences attended during the doctoral study.  
Appendix III lists the contribution of each co-author in each paper presented in the thesis. 
Appendix IV lists raw data that were used in this study, as well as links to data permanently 
available online on PANGAEA. 
 





2 Groundwater nutrient inputs into an urbanized tropical estuary system in 
Indonesia 
 
Dini Adyasari a,*, Till Oehler a, Norma Afiati b, Nils Moosdorf a 
a Leibniz Center for Tropical Marine Research (ZMT), Fahrenheitstraße 6, 28359 Bremen, 
Germany 
b Faculty of Fishery and Marine Science, Diponegoro University, Jl. Prof. Soedarto SH, 
Semarang 50275, Indonesia 
This chapter has been published as: D. Adyasari, T. Oehler, N. Afiati, N. Moosdorf. 2018. 
Groundwater nutrient inputs into an urbanized tropical estuary system in Indonesia. Science 
of The Total Environment, 627: 1066-1079. DOI: 10.1016/j.scitotenv.2018.01.281. 
Abstract 
Groundwater discharge is known to transport nutrients into estuaries at several locations 
around the world. However, few studies report groundwater-associated nutrient fluxes from 
tropical developing regions such as Southeast Asia, even though this area shows the 
strongest human modifications in the coastal zone worldwide. We investigated groundwater 
nutrient flux into two streams and estuaries (Awur and Sekumbu Bay) in the urban area of 
Jepara, Indonesia, and its relation with the land usage surrounding the estuaries.  
We found that average concentrations of NO3, NH4, and PO4 in Jepara’s aquifer reached 145 
μM, 68 μM, and 14 μM, respectively, and our results indicate that these were mainly 
originated from untreated sewage, agriculture, and manure input. Approximately 2,200 ton N 
year-1 and 380 ton P year-1 were removed in the soil and aquifer before the nutrients were 
discharged into the river. The total groundwater discharge into the river and estuary was 
estimated to 461 x 103 m3 d-1, or up to 42% of the river discharge. Discharge of groundwater-
associated NO3 (72 x 103 mol d-1), NH4 (34 x 103 mol d-1), PO4 (5 x 103 mol d-1), and 
additional surface runoff may contribute to eutrophication and a decrease of nearshore 
surface water quality. Nutrient concentrations in groundwater, river, and coastal seawater in 
the Jepara region are similar to those found in major urban areas in Southeast Asia, e.g. 
Manila and Bangkok, even though Jepara has smaller size and population. Thus, our results 
indicate that medium populated cities with highly modified regional land use can contribute a 
significant amount of nutrient discharge in the coastal area and should be included in global 
assessments of nutrient budget calculation. 
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Keywords: nutrient, water quality, groundwater discharge, estuary, radon, medium cities, 
Indonesia  
Introduction 
Nutrient transport via groundwater discharge has been identified as a significant pathway for 
land-derived contaminants to estuaries and coastal seawaters at multiple locations, 
especially in regions with high anthropogenic activities (Burnett et al., 2007b; Hwang et al., 
2010; Lee et al., 2009; Taniguchi et al., 2008; Wu et al., 2013). Groundwater could be 
discharged across the sea floor as submarine groundwater discharge, or it could penetrate 
the subaerial aquifer close to the coast (e.g. into an estuary) and discharge as terrestrial 
surface water (Burnett et al., 2006). Here we use the term “coastal groundwater discharge” to 
address both phenomena simultaneously. Groundwater-derived nutrient fluxes to the coastal 
ocean may have an ecological impact such as eutrophication and algal blooms (Lee et al., 
2009; Valiela and Costa, 1988). In some areas, nutrient loading via groundwater to the 
coastal area can be comparable with contributions from river water, as groundwater 
percentage in river discharge was overall estimated to 3-40% (Taniguchi et al., 2002), but 
examples of very low contributions (between 5-10%, Charette and Buesseler (2004); 
Dulaiova et al. (2006); Makings et al. (2014)) or very high contributions (up to 80%, Peterson 
et al. (2010)) underscore the wide range of local groundwater discharge to rivers.  
Even though groundwater discharge has been studied by a lot of local studies around the 
world, studies in tropical regions are scarce (cf. Moosdorf et al., 2015). Groundwater-
associated nutrient fluxes in tropical regions, in this case Southeast Asia, could be important 
due to wet humid climate, long coastlines, and favorable hydrogeological conditions, such as 
a high permeability of the aquifer and a high groundwater recharge (Burnett et al., 2007b; 
Moosdorf et al., 2015). Tropical streams and estuaries are generally more sensitive to 
ecosystem modification than temperate ones, particularly from terrestrial based-nitrogen 
loading, due to tropical vegetative capacity in retaining N (Downing et al., 1999). Southeast 
Asia also has high population density and is listed among the regions with strongest human 
modifications of the coastal zone worldwide (Elvidge et al., 1997). Previous studies in this 
region point to significant nutrient fluxes through groundwater into bays in Bangkok and 
Manila, two of the most populated capitals in Southeast Asia (Burnett et al., 2007b; Taniguchi 
et al., 2008). Indonesia has a population of 255 million people and the second longest 
coastline in the world. Groundwater nutrient concentrations in some major Indonesian cities 
exceed the Indonesian standard limit for drinking water (Arthana, 2007; Delinom et al., 2009). 
Indonesia is also a hotspot of surficial nitrogen and phosphorus yields due to high population 
density and runoff per area (Seitzinger et al., 2005).Thus groundwater flux into Indonesian 
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coastal seawaters (marine and estuarine) could be a pathway of nutrient transport that alters 
the environmental condition in the adjacent coastal areas. Previous groundwater discharge 
investigations in Indonesia identified individual locations of coastal groundwater discharge, 
but its quality and environmental effect in the coastal zones have not yet been evaluated 
(Bakti et al., 2012; Bakti et al., 2014; Lubis et al., 2011; Umezawa et al., 2009). 
The city of Jepara is located in northern central Java, which is the most populated island in 
Indonesia. It is characterized by urban areas, intensive agriculture, aquaculture, and medium 
sized industries. We hypothesize that anthropogenic activities affect groundwater and 
surface water nutrient fluxes in the Jepara area, and that the groundwater significantly 
contributes to coastal pollution. Two bays and their respective tributaries in Jepara were 
studied to identify the amount of groundwater discharge and its environmental implications in 
the adjacent coastal areas.  
Study Site  
Jepara has a population of 1.2 million inhabitants (2014) with agriculture, fisheries, and small 
furniture industry as main source of income (Jepara Bureau of Statistics, 2017). Its geological 
setting is dominated by a strato-volcano (Mt. Muria, 1602 m) occupying the east part of 
Jepara. Most of the rivers flowing westward through the city of Jepara originate from this 
mountain. Since the coastal plains on which the city is built are bounded by Quarternary 
volcanoes, their alluvial products are mostly derived from redeposited volcanoclastic 
materials and caused the presence of extensive aquifers (Said and Sukrisno, 1988).  
The sampling locations, Sekumbu and Awur Bay, are the closest bays to the city center of 
Jepara (Figure 2-1). Sekumbu Bay coastline is 5.4 km long and it is fed by two rivers and two 
small channels. In Sekumbu Bay we conducted research on the main and biggest river in 
Jepara, the Wiso River. Awur Bay is slightly larger than Sekumbu Bay with 5.7 km coastline 
and it is located in the south of Sekumbu Bay. Two rivers and three channels enter Awur 
Bay, the biggest of which is the Kanal River where we implemented our study. Wiso and 
Kanal River originate in the same reservoir (Bapengan Dam), which is located 3 and 2.8 km 
upstream from the river mouth of Kanal and Wiso River, respectively (Figure 2-1). Based on 
Central Java Water Resources Agency, average water discharge for Wiso River is 8.7 m3 s-1, 
while Kanal River is 5.4 m3 s-1 during the rainy season. The average depth of Wiso and Kanal 
River is 0.9 m and ~1.2 m, respectively. Coastal areas of Awur and Sekumbu Bay are mostly 
comprised of residential areas, agriculture fields, and pasture for livestock. Karimunjawa 
National Park, a Marine Protected Area that contains abundant and diverse wildlife, is 
located 25 km north of Jepara in the Java Sea.  
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Previous studies of Jepara’s coastal seawater quality show nutrient concentrations 
exceeding the Indonesian standard limit for coastal seawater (Ayuningsih et al., 2014; 
Maslukah et al., 2014; Ministry of Environment and Forestry, 2004). In addition, substantial 
coral reef degradation was reported in the coastal area close to Sekumbu Bay due to a 
combination of sewage and sedimentation (Edinger et al., 1998). As the city’s population is 
projected to grow by 1.5% per year until at least 2030, there has been extensive land use 
expansion to cater the economic and population development, e.g. new residential areas, 
new irrigation system for agricultural sector, and a brand new coal-based power plant 
(Jepara Regional Planning Agency, 2011). However, the economic infrastructure trend could 
not be followed by proper environmental and sanitation arrangements. As of 2017, there is 
no central wastewater treatment plant to cater the sewage loading, even though the city’s 
long term plan suggests to build one by the end of 2030 (Jepara Regional Planning Agency, 
2011).  
 
Figure 2-1. Map of Indonesia (A), land use, and sampling points in Jepara (B). Landuse data was taken 
from Central Java Water Resources Management Agency (2016) 
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Materials and Methods  
Field measurements  
The field survey was conducted from November-December 2016, during the rainy season in 
Indonesia. Salinity, temperature, pH-values, and dissolved oxygen (DO) were measured 
directly in the field using handheld probes: conductivity measuring cell (WTWTM TetraCon 
925-P), pH (WTWTM Sentix 940), and DO (WTWTM FDO 925). Sensors were calibrated each 
day before the start of sampling using the manufacturer’s protocol. DO results were 
corrected based on salinity and temperature as described in Weiss (1970). 
We used radon (222Rn) as tracer for coastal groundwater discharge. Usage of 222Rn as 
groundwater tracer in surface water has been recognized due to its conservative behavior in 
nature and its much higher concentration in groundwater compared to surface water (Cable 
et al., 1996b; Ellins et al., 1990). Radon-in-water measurement has been utilized extensively 
to quantify groundwater discharge to streams or coastal areas (Burnett and Dulaiova, 2003). 
222Rn grab samples were taken from groundwater (n=7) to quantify groundwater end-member 
activity needed for discharge calculation in Equation 1 and 2. There were also 222Rn grab 
samples collected from Wiso River (n=9), Kanal River (n=7), and Bapengan Dam (n=1), in 
the same place with nutrient sampling points, to determine which part of the stream had the 
highest groundwater discharge. All grab samples were collected in 250 ml glass bottles by 
inserting a tube into the bottom of the bottle and filling it until it overflowed. The samples 
were analyzed within six hours after sampling time using a RAD7 radon detector (Durridge 
Company Inc.) with the RAD H2O accessory and WAT-250 protocol (Durridge, 2015). A six 
hours decay correction was applied to the result based on RAD7 manual (Durridge, 2015).  
To estimate the total amount of groundwater discharging into the bays, a stationary time 
series mooring was fixed in each of the river mouth over 24 hours. 222Rn was measured with 
10 minutes counting interval using RAD7 with the Radon-in-Water accessory and Rad AQUA 
(Durridge, 2015). 222Rn activities were later integrated into 30 minutes intervals. In parallel 
with the continuous 222Rn measurements, salinity, water level, and temperature were 
measured every 30 minutes. A calibrated HOBOTM conductivity meter (model: U24-002) was 
deployed next to the RAD7 pump, while a HOBOTM water level logger (model: U20L) was 
fixed to the river bed. 222Rn in ambient air was measured at the end of each time series with 
the RAD7 detector. Wind speed was measured on site with an anemometer in order to 
correct for 222Rn atmospheric evasion losses. In addition, a 222Rn river spatial survey was 
implemented with shorter 5 minutes counting interval of the RAD7 detector. This high 
resolution river survey was conducted in the last 1.5 km downstream of each river because 
28 
 
preliminary 222Rn grab sample results suggested that 222Rn concentrations downstream 
exceeded those upstream. 222Rn concentrations from estuary and downstream spatial survey 
were used to calculate groundwater flux using equation stated in Equation 1 and 2 below.  
A coastal 222Rn spatial survey was also conducted in both Sekumbu and Awur Bay from a 
boat during low tide. It went from the southernmost part of Awur Bay and followed the coastal 
line until the northernmost part of Sekumbu Bay to identify major points of groundwater 
discharge signal.   
Four water samples of 20 liter each were collected from Wiso River and Kanal River to 
account for 226Ra decay correction in the mass balance model in Section 2.1.3 below. 226Ra 
was measured by Radium Delayed Coincidence Counter (Radecc) described in Waska et al. 
(2008). 
Nutrient samples were taken from coastal groundwater (n=44), river water (n=17), estuarine 
water (n=18), and coastal seawater (n=24) of Awur and Sekumbu Bay. Coastal groundwater 
samples were taken from existing wells close to the sea or close to the rivers, i.e. 11 bore 
wells and 35 dug wells. Dug well water was pumped through plastic tubing by submersible 
pump and the samples were collected after letting the water from the well flow for a few 
minutes. Bore well water was obtained by 10-15 minutes of purging until standing water in 
the plumbing and piping were removed. River and seawater samples were collected from 
~10 cm water depth. Nutrient samples were filtered through a Millipore cellulose acetate 
cartridge filter (0.45 μm pore size), collected into 40 ml polyethylene sample bottles, and 
stored on ice until analysis. NH4 and PO4 samples were measured directly in the field within 6 
hours, while NO3 samples were poisoned by 50 μl saturated HgCl2 solution and analyzed at 
the laboratory of ZMT in Bremen.  
500 ml of estuarine and coastal seawater from Sekumbu Bay (n=11) and Awur Bay (n=12) 
were collected in dark polyethylene bottles to measure chlorophyll-A concentration. These 
samples were stored on ice in the dark until they were filtered with Whatman GF/C (47 mm 
diameter) filters within one day. To account for organic concentration, COD samples (n=63 
from all groundwater and river sampling points) were collected in 100 ml polyethylene bottles 
and acidified by sulfuric acid to pH < 2. COD sampling was only implemented in freshwater 
due to possible interference with chloride when using the reactor digestion method.  
Sample analysis  
Nutrient samples were analyzed using standard photometrical methods for NO3 
concentration (Grasshoff et al., 2009), Hach salycilate method for NH4 concentration, and 
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Hach PhosVer3 ascorbic acid method for PO4 concentration. Quality control was carried out 
using Hach check standards for each type of measurement before and after all 
measurements were implemented. Every mention of dissolved inorganic nitrogen (DIN) in 
this study refers to NO3 and NH4. Initially, NO2 was also measured for all samples but the 
results were not included here due to negligible concentrations. Nutrient data from this 
expedition are stored and accessible via https://doi.pangaea.de/10.1594/PANGAEA.884292. 
COD was measured using Hach USEPA reactor digestion methods based on Standard 
Methods 5220 D (Rice et al., 2012). Chlorophyll-A was quantified using Standard Methods 
10200 H (Rice et al., 2012). Symbol ± in numerical results refers to one standard deviation. 
Based on nutrient and chlorophyll-A concentration, eutrophication index (EI) in Jepara 
coastal area is determined using TRIX index, where scale of 4-6 means “moderate 
eutrophication” and scale > 6 means “severe eutrophication” (Vollenweider et al., 1998). 
The software suite R was used for all statistical analyses. Linear regression analysis was 
used to evaluate correlations between nutrients with physical parameters. Similarity between 
sample pools was analyzed by one-way ANOVA. If assumptions for parametric tests were 
violated, data was root or log transformed.  
Groundwater discharge model  
Groundwater discharge calculation in the river section below is based on model by Burnett et 
al. (2010) and Peterson et al. (2010). Equation 2-1 shows the measured 222Rn activity which 
is corrected for all possible sources and sinks such as 222Rn ingrowth from parents 226Ra, 
atmospheric evasion, and decay losses, and divided by the 222Rn activity of the groundwater 
endmember, before it is multiplied by river flux to obtain the amount of groundwater 
discharge into the river. This equation refers to maximum range estimate of groundwater 
discharge, assuming that all groundwater input happens in the upstream part of the river. 
QGw is groundwater flux (m3 d-1), CRn is 222Rn concentration from river spatial survey and 24 
hour time series measurement (Bq m-3), Fatm is atmospheric evasion (Bq m-2 d-1), R is 
residence time (d), h is average depth of river (m), CRa is 226Ra concentration (Bq m-3), λ is 
decay constant of 222Rn (0,181 d-1), CRne is average 222Rn concentration in shallow 
groundwater endmember (Bq m-3), and QR is river flux (m3 d-1). Fatm or atmospheric loss is 
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Equation 2-1 
 
Equation 2-2 below shows a minimum estimate of groundwater discharge assuming that 
groundwater input to the system occurs directly in the point of measurement or in the 
downstream part, hence there is no correction for atmospheric losses and radioactive decay. 
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Equation 2-2 
CRne is obtained from average 222Rn concentration in all shallow groundwater samples, as 
groundwater from the shallow aquifer most likely feeds the rivers while deep groundwater 
from > 20 m depth is unlikely to discharge into the shallow rivers. All values were measured 
directly except for river flux and residence time. River flux used for this calculation was taken 
from Jepara Water Resources Agency and Jati (2014) data for rainy season (November-
January), while residence time was calculated by dividing river volume (total upstream area 
multiplied by average depth based on field measurements) by river flux data. Total upstream 
area of Wiso and Kanal River were estimated by examination of satellite photos from online 
sources, i.e. Google Earth. Upstream area was also used to calculate nutrient flux per 
discharge area in Section 4.2. 
Nutrient mass balance in groundwater and river water  
Nutrient input from agriculture in Table 2-3 was estimated based on total agriculture area, 
cultivation index, and fertilizer usage from Katam (2017) for regencies surrounding Wiso 
River/Sekumbu Bay and Kanal River/Awur Bay, i.e. Batealit, Tahunan, Jepara, and Pakisaji. 
Potential nutrient excess from human sewage was calculated based on total population in 
the above regencies (Jepara Bureau of Statistics, 2017), percentage of households without 
access to sanitation system (Jepara Health Agency, 2015), and average of nitrogen (N) and 
phosphorus (P) content in human sewage (Henze et al., 2008). Manure waste contribution 
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into groundwater calculation were derived from average N and P content in livestock waste 
(Ruddy et al., 2006) and total livestock population in the above regencies (Katam, 2017).  
Nutrient flux mass balance in upstream, middle, and downstream in Figure 2-6 was 
estimated by multiplying river discharge with nutrient concentration in river section, assuming 
constant river discharge from upstream to downstream. Nutrient transformation in the river 
was calculated without contribution of surface runoff, due to unavailable runoff data.      
Results  
Physical parameters 
Physical parameter results for temperature, salinity, and DO in coastal groundwater, river 
water, estuarine water, and seawater are shown in Table 2-1. Temperature was similar in 
groundwater and surface water during the sampling period. Wiso and Kanal Rivers both had 
zero salinity for the most of their stream section except the last 1 km downstream. Most of 
the groundwater and river segments also appeared to be oxic (DO > 1 mg L-1). There was no 
consistent trend between groundwater salinity compared to distance from 
coastline/riverbank. Between the two locations, data for each physical parameter are 
statistically similar (p>0.05, one way ANOVA).  
Table 2-1. Concentration of physical and chemical parameters in individual compartments of the coastal 
hydrological continuum in Jepara 





Temperature (°C) 28 ± 1 29 ± 0.4 30 ± 0.7 31 ± 0.7 
Salinity  0.9 ± 1.5  0.3 ± 1 32 ± 0.4 32 ± 1.6 
Dissolved oxygen (mg L-1)  4.2 ± 1.3  4.8 ± 2.3 6.3 ± 0.6 7.4 ± 0.8 
NO3 (μM) 167 ± 208  89 ± 20 1.7 ± 1.5  2.6 ± 2.9 
NH4 (μM)  78 ± 119 30 ± 24  22 ± 9.1 5 ± 1.2 
PO4 (μM) 8.8 ± 7.7  4.6 ± 3.6 2.9 ± 2.7 0.2 ± 0.2 
COD (mg L-1) 13 ± 9.9 8.6 ± 11 n/a n/a 
Chl-A (μg L-1) n/a n/a 2.1 ± 0 1.2 ± 0.5 
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Location Parameter Groundwater River  Estuary Coastal 
Seawater 
222Rn (Bq m-3) 5200 ± 2780 3870 ± 1220 373 ± 197 53 ± 25 
Eutrophication index  n/a n/a n/a 5.4 




Temperature (oC) 28 ± 1 28 ± 0.7 27 ± 5 30 ± 0.6 
Salinity  0.7 ± 0.5 0.9 ± 1.6 14 ± 6 28 ± 7 
Dissolved oxygen (mg L-1)  3.6 ± 1.8 6.8 ± 1.1 6.4 ± 0.7 6.4 ± 0.9 
NO3 (μM) 123 ± 147 99 ± 35 26 ± 13 12 ± 18 
NH4 (μM) 58 ± 102 16 ± 7.7 26 ± 14 31 ± 21 
PO4 (μM) 19 ± 13 4 ± 2.8 10 ± 12 15 ± 9 
COD (mg L-1) 6.1 ± 4.6   7.8 ± 12.7 n/a n/a 
Chl-A (μg L-1) n/a n/a 1.7 ± 1.2 0.8 ± 0.5 
222Rn (Bq m-3) 11200 ± 3840 1680 ± 580 570 ± 496 43 ± 38 
Eutrophication index n/a n/a n/a 7.7 
 
Nutrient and radon spatial distribution 
Figure 2-2 shows nutrient and radon distribution in study sites. NO3 was the dominant form of 
nutrients in groundwater, even though the concentration is very variable even at a spatial 
scale of tens of meters (Figure 2-2a). Groundwater NO3, NH4, and PO4 concentrations were 
all statistically similar in both study sites (p>0.05, one-way ANOVA), with concentration 












Figure 2-2. Spatial distribution of (a) NO3, (b) NH4, (c) PO4, and (d) 222Rn concentration in study sites 
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Mean nutrient concentrations between two studied rivers were also similar, except for NH4 
concentrations close to the Wiso River estuary (Table 2-1, Figure 2-2b, and Figure 2-3), 
which were unusually high. Fluvial NH4 concentrations also demonstrated a linear correlation 
with organic matter as COD (p<0.05), suggesting a common source, e.g. sewage or waste 
discharge.  
Nutrient concentrations in coastal seawater were mostly lower than in groundwater or river 
water, except for two NH4 values close to aquaculture ponds (Figure 2-2b) and high PO4 
concentration in the coastal seawater of Awur Bay (Figure 2-2c). Eutrophication index (EI) in 
the estuarine and coastal seawater, which was derived from nutrient and chlorophyll-A 
concentrations, indicated moderate eutrophication in Sekumbu Bay (EI between 4-6) and 
severe eutrophication in Awur Bay (EI > 6).  
222Rn activity in shallow coastal groundwater in Sekumbu and Awur Bay area varied from 
3,000-16,000 Bq m-3 (n=7). As seen in Table 2-2, Wiso River had higher fluvial 222Rn activity 
than Kanal River, even though the opposite happened in the estuarine activity. Wiso River 
had 222Rn concentration variation between 3,000-5,000 Bq m-3 in the downstream river 
section and 100-800 Bq m-3 in the estuary, while in Kanal River the range was 900-2,500 Bq 
m-3 in the downstream river section and 100-1,600 Bq m-3 in the estuary. Higher 222Rn 
activities were measured approximately 1.5 km close to the estuaries in both rivers (Figure 2-
2d, Figure 2-3) than those upstream, which coincided with higher NO3 concentrations. NH4 
displays sharp increase closer to the estuary of Wiso River, but not in Kanal River, while PO4 
displays constant concentrations throughout both river sections.  
Continuous 222Rn sampling was conducted downstream (red dots in Figure 2-2d) to find out 
whether there was a 222Rn local hotspots in the rivers. However, there was no specific peak 
of 222Rn activity observed during the measurement and the detected 222Rn range was 
distributed between 3,000-5,000 Bq m-3 for downstream Wiso River and 900-2,500 Bq m-3 for 





Figure 2-3. Center figure shows map of both rivers which were studied in Jepara, while the upper and 
bottom graphs show of the concentrations nutrients and 222Rn (grab samples) at their respective 




Estimating groundwater flux using radon concentration  
Equation (1) and (2) were applied to the results of 222Rn river spatial survey and time series 
measurements in Sekumbu Bay and Awur Bay to estimate groundwater discharge rates. 
Results between two equations exhibit small differences, i.e. approximately 0.3% difference 
between maximum and minimum discharge, so the number that listed in Table 2-2 is the 
average between maximum and minimum estimation. The small difference between 
maximum and minimum result suggests a limited contribution of atmospheric loss and 
radioactive decay to the discharge calculation. Both rivers have low water residence times 
due to high discharge (the fieldwork was done during the rainy season) and a short distance 
between the common source (a dam) and the estuaries (approximately 3 km long). 
Atmospheric losses are also considered to be low due to the calm weather (the recorded 
wind speed was 0-1.4 m s-1 in Wiso River and 0-2.7 m s-1 in Kanal River) and calm waves 
during our sampling. The 222Rn end-member activity in the groundwater was 8,600 Bq m-3. 
Groundwater nutrient flux was determined by multiplying average groundwater nutrient 
concentrations with volumetric groundwater discharge rates.  
Table 2-2. Estimation of groundwater discharge in Sekumbu and Awur Bay based on average 222Rn from 





Upstream area (10³ m2) 89 78 
Average depth (m) 0.9 1.2 
Residence time (d) 0.13 0.19 
Background 226Ra (Bq m-3) 8 13.5 
Atmospheric loss (Bq m-2d-1) 550 635 
River discharge (10³ m3 d-1) 750 470 
Average volumetric groundwater 
discharge rate in downstream and 









Average of groundwater fraction 
in river discharge/QGw:QR (%) 
42% 18% 
Groundwater nutrient 
fluxes (103 mol d-1) 
NO3 58 14 
NH4 27 7 
PO4 3 2 
 
The estimation of groundwater flux in Table 2-2 represents groundwater discharging in the 
downstream part and estuary of each respective river. NO3 constitutes most of the nutrients 
that discharged into rivers, followed by NH4 and PO4. Based on 222Rn concentration range in 
downstream and estuaries stated in result section, averagely 315 x 103 m3 d-1 or 42% of 
downstream Wiso River flux was originated from groundwater, and the fraction of 
groundwater at the estuary mouth decreased to 32 x 103 m3 d-1 or 4% due to mixing with low 
222Rn seawater. In Kanal River, groundwater discharge was averagely 82 x 103 m3 d-1 or 18% 
of water in the river downstream and 32 x 103 m3 d-1 or 7% of estuarine water discharging 
into Awur Bay. In total, groundwater flux into two river systems in Jepara in rainy season 







Figure 2-4. Plot of groundwater discharge, water level, and salinity during estuarine time series 
measurement in (a) Wiso River/Sekumbu Bay (sampling date 22 November 2016) and (b) Kanal 
River/Awur Bay (sampling date 13 November 2016) 
 
Based on estuarine time series measurement (Figure 2-4), 222Rn activities were affected 
heavily by the tidal cycle, where the highest 222Rn signal was detected at low tide. Water 
level dropped threefold and fourfold during low tide event in Wiso and Kanal River, 
respectively, and in the same time, 222Rn signal increased three times in Wiso River and four 
times in Kanal River. At the Kanal River estuary mouth, salinity fell from 20 to 0 during peak 
low tide, while this parameter was consistently above 26 at the estuary mouth of Wiso River 
and decreased only slightly during low tide. During this period, total fresh groundwater 
discharge into the bay was calculated as high as 120 x 103 m3 d-1 from both estuaries, while 
during high tide, groundwater flux in each estuary amounted only to 15-20 x 103 m3 d-1 from 
total river discharge.  
Discussion 
Nutrients in groundwater 
Nutrients were measured in total 45 groundwater samples in Sekumbu and Awur Bay. NO3 
was the majority of nutrient species in groundwater samples with an average of 50% of total 
DIN measured, followed by NH4 with 40% and PO4 with 10%. This is in accordance with 
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several studies that suggest NO3 as dominant form of N in the aquifer of urban regions 
compared to reduced N, such as NH4 and dissolved organic nitrogen (DON) due to its 
mobility in soil (Burkart and Stoner, 2002; Cole et al., 2006; Nolan and Stoner, 2000). PO4 is 
usually the most abundant form of P in the aquatic system compared to dissolved organic 
phosphorus (DOP) (Correll, 1998). NH4 and dissolved organic matter are most likely to be 
attenuated during aquifer transport due to nitrification, mineralization, and sorption (Buss et 
al., 2004; Slomp and Van Cappellen, 2004), and DON is also generally considered to be 
originated from natural source rather than anthropogenic sources (Perakis and Hedin, 2002). 
Thus, although we did not measure DON or DOP fractions, we expect their contribution to 
the total N and P concentrations to be small. 
DIN and PO4 concentration in both Awur and Sekumbu Bay groundwater were substantially 
higher than in lower populated tropical areas e.g. Hawaii and Mauritius (Knee et al., 2008; 
Povinec et al., 2012), and even higher than in populated areas such as Bangkok or Manila 
(Burnett et al., 2007b; Taniguchi et al., 2008). Our average PO4 and DIN groundwater 
concentration in Jepara were higher and lower compared to Jakarta (Delinom et al., 2009), 
respectively, the latter has a population of 10 million inhabitants, with an eight times higher 
population density than Jepara.  
High nutrient concentrations in Jepara can be related to a combination of natural geological 
conditions, anthropogenic activity, and land use. Human activities surrounding the study sites 
can be categorized into residential area, agriculture, and livestock, as these three activities 
account for 52%, 30%, and 4% of land use, respectively. They represent the dominant 
anthropological sources compared to others such as aquaculture (1%, Central Java Water 
Resources Management Agency (2016)). 
According to Katam (2017), fertilization application in Jepara’s farming land is on average 
170 kg ha-1 year-1 for N based fertilizer and 13 kg ha-1 year-1 for P based fertilizer, which is 
similar to fertilization rates from China of 160 kg N ha-1 year-1 (Kaiser et al., 2013), and well 
above the global average of 90 kg N ha-1 year-1 (Jennerjahn, 2012). Considering that uptake 
efficiency of fertilizer amounts to 40% on average in tropical regions for both N and P based 
fertilizer (Han et al., 2010), total nutrient excess from fertilizer in Sekumbu Bay and Awur Bay 
area into the groundwater would accumulate to 510 kg N ha-1 year-1 and 48 kg P ha-1 year-1 or 
equivalent with 670 ton N year-1 and 63 ton P year-1 (Table 2-3), even though the 
environmental impact in receiving surface water would be delayed due to residence time of 
nitrogen in the aquifer (Ascott et al., 2017). High P loading from fertilizer can overwhelm soil 
sorption capacity for P, which increases PO4 mobility in groundwater (Slomp and Van 
Cappellen, 2004). Together with fertilization, volcanic origin of soil and sediment in the 
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Jepara area could affect high PO4 mobility in our study site as P is less likely to bond with 
volcanic soils and sediments (Correll, 1998). 
Furthermore, co-occurrence of high NO3 and NH4 concentrations in groundwater is not 
unusual in locations with wastewater contribution from individual septic systems (Kroeger 
and Charette, 2008). Based on Jepara Health Agency (2015), only an average 25% of 
houses in Sekumbu and Awur Bay area are connected to a sanitation system, which means 
the rest of the households potentially supply 1,120 ton N year-1 and 190 ton P year-1 of 
untreated wastewater into the groundwater. Significant pollutant input from non-point sources 
into the aquifer could also come from livestock farming in some area (Ma et al., 2011). In 
Jepara, manure waste contributes 950 ton N year-1 and 300 ton P year-1 of potential diffuse 
pollutant into the soil and aquifer system.  
Overall nutrient contribution to groundwater from agriculture, livestock, and sewage due to 
land use around Wiso River and Kanal River are shown in Table 2-3. The difference between 
calculated input from land surface and measured export of groundwater flux to the river 
equals 2,200 ton N year-1 and 380 ton P year-1 nutrient loss in the soil and aquifer which are 
potentially attributable to surface runoff and biogeochemical processes in the nutrient path 
such as denitrification, mineralization, or sorption in the aquifer (Bowen et al., 2007).  













export to river 
(ton year-1)e 
Nutrient loss in 
soil and aquifer 
(ton year-1) 
N P N P N P N P 
Fertilizer 670 63 24 11 540 180 2200 380 
Sewage  1120 190 41 35 
Manure  950 300 35 55 
a Jepara Bureau of Statistics (2017), b Katam (2017), c Henze et al. (2008), d Ruddy et al. (2006), e from this study 
Despite groundwater velocity and residence time can reduce nutrient concentrations before 
they discharge into river system (Michael, 2005), a considerable portion of groundwater 
nutrients still enters the stream water, partially due to lack of significant retention alongside 
the riverbank, which is full of congested residential areas without a riparian vegetation zone. 
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To limit the uncertainty of the quantity of nutrient loading from aquifer into the river, 
groundwater sampling points were chosen from wells that located no further than 100 meter 
from the coastline and 50 meter from the river bank.  
Groundwater discharge and transport in stream water 
In order to estimate groundwater discharge into the river and estuary, 222Rn concentrations 
were measured in groundwater, river water, and coastal seawater. The range of 222Rn 
concentrations of coastal groundwater end member in this area (3,000-16,000 Bq m-3) is 
comparable to other reported 222Rn activities from areas with a similar geological setting in 
Indonesia (Bakti et al., 2014) and elsewhere (D’Alessandro and Vita, 2003; Hwang et al., 
2005; Moreno et al., 2014; Wu et al., 2013).  
222Rn activities in coastal groundwater of Awur Bay were two times higher than 222Rn 
activities in Sekumbu Bay (Table 2-2). Swarzenski et al. (2007) implied that 222Rn variability 
in the same area can be counted as function of local geology and residence times. Based on 
geological map by Suwarti and Wikarno (1992), the whole coastal plain of Jepara is situated 
in the same geological foundation, thus it is more likely that the difference in 222Rn in coastal 







Figure 2-5. Vertical profile of DO and salinity in the (a) Kanal River/Awur Bay and (b) Wiso River/Sekumbu 
Bay estuaries 
Vertical salinity and DO profiles in the downstream section of the river show low salinity in 
the bottom part, which could indicate that groundwater discharges from the river bottom 
(Figure 2-5). Impermeable retaining walls which both channels have at the riverbanks could 
be the explanation for that observation. Stream dredging, implemented by the local 
government, inhibits the development of impermeable stream bottom sediments and thus 
improves groundwater flow (as reported elsewhere by Santos et al. (2008)). This can also 
explain higher groundwater discharge rates in Wiso River compared to Kanal River (Table 2-
2), where Wiso River is wider than Kanal River, thus it has more bottom surface to discharge 
the groundwater. 
In both of the rivers, 222Rn numbers fluctuated in the upstream part (Figure 2-3). Three 
circumstances could cause this 222Rn fluctuation: geology, hydrodynamic condition, and river 
construction (e.g. retaining walls or stream dredging). As mentioned earlier, both rivers are 
located in the same geological foundation with no known fracture zones which rules out a 
variation in geology. Secondly, based on our field observation, the upstream part of both 
rivers were well mixed due to shallow water depth, thus, 222Rn fluctuation due to saline water 
effect from the estuary is unlikely. However, we also observed that the retaining wall of the 
river was cracked in some places, and the stream dredging was not equally implemented in 
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all parts of the river in the same time. We expect this to be the main reason for the varying 
222Rn signals in the upstream area.  
As seen in Figure 2-4, the peak 222Rn signal rates were observed during low tide in both 
estuaries, as also observed elsewhere (Makings et al., 2014; Peterson et al., 2010; 
Swarzenski et al., 2007). This would suggest that either groundwater was released as a 
result of water level fluctuation, or that high 222Rn river water was mixed with low 222Rn 
seawater during high tide (Swarzenski et al., 2007). During our measurement, surface water 
level dropped 3-4 times during low tide event, and 222Rn activities were increased 3-4 times 
in the same period. The same level of co-variance between water level and 222Rn 
concentration suggests that tidal variation effect seems to be smaller than expected at our 
sites.      
Table 2-4. Comparison of groundwater discharge into different estuaries 






discharge (x 10³ 
m3 d-1) 
Peterson et al. 
(2010) 





Burnett et al. 
(2010) 















This study  Wiso and Kanal river, 
Indonesia 
5.5 Tropical estuary 461 
 
Daily variation of groundwater flux in this calculation can be considered as minimum, as 
222Rn correction for the formula does not display big gap between minimum and maximum 
flux in the 24-hour measurement. However, groundwater discharge rates may vary 
seasonally due to changes in precipitation and evaporation, especially considering 
groundwater discharge in this location originates from a shallow aquifer. In the dry season, 
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we expect a higher percentage of groundwater fractions in river water discharge, due to a 
less pronounced seasonality in groundwater discharge than river discharge.  
The groundwater discharge from Wiso and Kanal River is comparable with other estuary 
studies in other regions, albeit in the higher end of discharge quantity. It also must be noted 
that the rivers studied in the comparison studies are significantly longer than the two in this 
study (Table 2-4). Thus, the environmental implication of groundwater discharge into Wiso 
and Kanal River per total area is large, especially as the groundwater brings high 
concentrations of terrestrial nutrients as described in the previous section. Our total 
groundwater nutrient flux estimation from both sites is 106 x 103 mol d-1 or equivalent with 
0.63 mol m-2 d-1 for DIN and 5 x 103 mol d-1 or approximately 0.032 mol m-2 d-1 for PO4, which 
are considerably higher than other estuarine nutrient studies as the such Loxahatchee River 
estuary (Swarzenski et al., 2006), or the Korogoro Creek estuary (Sadat-Noori et al., 2016), 
or industrialized Masan Bay in South Korea (Lee et al., 2009). This indicates that a 
combination of population, anthropogenic activity, and environmental infrastructure 
contributes to nutrient flux into Jepara’s estuaries and coastal area.  
Nutrient dynamics in stream water and estuary 
Combined, stream NO3 and NH4 concentrations in Jepara sites were higher than less 
urbanized tropical rivers e.g. Amazon (Cai et al., 2004), comparable with Chao Phraya river 
in Bangkok (Burnett et al., 2007b) or other Indonesian rivers which have similar population 
density (Jennerjahn et al., 2004), but still lower than higher populated Chinese rivers (Liu et 
al., 2009). NO3 species made up the dominant percentage of nutrient in both rivers by 
average 78-80%, similar to the global average of 77% (Turner et al., 2003). This indicates 
medium anthropogenic modification scale into coastal system in Jepara, as areas with higher 
level of human modification usually has higher NH4 percentage (~50%) in the river 
discharging into ocean (Liu et al., 2009). Average PO4 concentration in both rivers are 








Figure 2-6 shows a calculated and measured budget for NO3, NH4, and PO4 flux in Wiso 
River and Kanal River during the wet season 2016. Wiso River gained additional nutrients, 
while Kanal River obtained only NH4 but lost NO3 and PO4.These transformations can be 
attributed to surface runoff or various biogeochemical process transformations and nutrient 
cycling, such as organic remineralization, possible due to oxic conditions or availability of 
organic constituents as COD (Table 2-1).  
Also, in particular Wiso River gained a higher amount of NO3 and NH4 loading than Kanal 
River (Figure 2-6). Land use along Wiso and Kanal River are typically similar except in the 
downstream part of Wiso River, where there are two aquaculture ponds (Figure 2-1). Since 
aquaculture waste can contain high levels of nitrogen and COD (Cao et al., 2007), it could be 
the main source of NO3 and NH4 in the downstream part of Wiso River, and in areas close to 
the ponds in coastal seawater of Awur Bay (Figure 2-2b). Previous studies in other coastal 
regions of Jepara found that the estuary tends to serve as nutrient sink for waste discharged 
from coastal fishpond cultures (Pranowo et al., 2004).  
Environmental implications 
Wiso and Kanal River estuaries discharge approximately 44 x 103 mol d-1 of DIN and 7 x 103 
mol d-1 of DIP to Jepara coastal area (Figure 2-6). Their effect can be seen on the 
eutrophication index that shows moderate and severe eutrophication in Sekumbu Bay and 
Awur Bay, respectively (Table 2-1). Compared to previous studies implemented in Sekumbu 
Bay (Ayuningsih et al., 2014; Maslukah et al., 2014), our study shows higher primary 
productivity in the estuary and coastal area as represented by one order of magnitude 
increase of chlorophyll-a and other nutrient concentration within three years, attributable to 
population growth and expanding human activities. Coastal samples in Sekumbu Bay show 
nutrient concentrations similar to Manila Bay (Jacinto et al., 1998). However, NH4 and PO4 
concentrations in Awur Bay were one magnitude higher, which may indicate persistent local 
inputs, such as or polluted surface runoff or marine-based sources, e.g. primary production 
(Kaiser et al., 2013).  
From a stoichiometric perspective, DIN:DIP ratios in receiving coastal seawater shows a 
deviation from the Redfield ratio of 16:1 (Redfield, 1958). Sekumbu Bay coastal seawater is 
P limited (DIN:DIP of 51), while Awur Bay leans towards N-limitation (DIN:DIP of 3). 
Deviation from the Redfield ratio could change ecosystem structure such as shifting plankton 
community and increasing biomass, phytoplankton, and macro algae production, which 
further affecting light penetration and dissolved oxygen to coastal biota (Billen and Garnier, 
2007; Slomp and Van Cappellen, 2004).  
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Considering sewage leaking contributes as the highest point source contribution compared to 
other anthropological activities (Table 2-3), a wastewater treatment plant could be beneficial 
to reduce nutrient pollution in the future (Kroeger and Charette, 2008; Mitsch et al., 1999). A 
proper sanitation system is important since Jepara has 1.5% annual population growth 
(Jepara Bureau of Statistics, 2017), which means Wiso and Kanal River will receive 
additional 190 ton N year-1 and 32 ton P year-1 by 2030 assuming there is no improvement in 
sanitation system, plus the additional nutrient transport as a result of long-decade intensive 
agriculture that is delayed due to groundwater residence time (Ascott et al., 2017; Michael et 
al., 2005). A phosphate detergent ban could also be introduced to specifically limit P input to 
the groundwater system (Litke, 1999). 
Diffuse or non-point source pollutions such as from fertilizer or manure, which contributes to 
16% of TN and 18% of TP via groundwater discharge in the study site, could be controlled by 
modification of the farming methods or nutrient retainer along the riverbank and coastline e.g. 
wetland or riparian systems (Mitsch et al., 1999), particularly in the area with detected high 
radon activity. This could be advantageous considering local government plans to open 
5,160 ha of new agricultural field by 2030 in the areas surrounding Wiso River and Kanal 
River (Jepara Regional Planning Agency, 2011), yielding additional 80 kg N ha-1 year-1 and 
48 kg P ha-1 year-1 into land surface adjacent to Wiso River and Kanal River. Studies 
regarding wetland that specifically constructed to prevent ground and surface water 
deterioration shows N and P removal range of 40-50% depending on the type of wetland and 
inflow loading (Vymazal, 2007; Yeh and Wu, 2009).   
As groundwater fluxes comprise a significant fraction of the surface discharge flux into the 
ocean, monitoring programs for groundwater system could include construction of monitoring 
wells inshore and offshore and development of continuous environmental assessment 
program, which is still absent from the local environmental regulation. For the assessment 
program to be successful, a detailed description of local hydrostratigraphy, groundwater 
chemistry and hydraulic head, and validated groundwater model have to be developed 
(McCoy and Corbett, 2009).  
Conclusions 
Groundwater and nutrient discharge into streams and estuaries was measured in Jepara, 
Indonesia. This study confirms a significant groundwater-derived nutrient discharge to Jepara 
coastal area via stream water. Our results show that the main sources of these nutrients are 
sewage, manure, and fertilizer. Considering the size of the upstream discharge area, 
Jepara’s estuaries receive higher nutrient loading per total surface area compared to other 
48 
 
major cities due to an improper sanitation system and lack of barriers for diffuse source 
pollution such as fertilizer and livestock wa ste.  
Increasing trends of nutrient concentration and primary productivity level in a short time span 
of years in Jepara’s receiving coastal seawater also suggests its sensitivity towards change 
in population and human activities in its adjacent watershed. This could endanger the 
environmental state of Jepara’s coastal aquatic area since the city is projected to have 1.5% 
population growth by 2030. Considering that nutrient input from coastal groundwater 
discharge contributes up to 106 x 103 mol d-1 of DIN and 5 x 103 mol d-1 of DIP, 
environmental management related to water quality in aquifer should be considered in order 
to prevent further water quality deterioration in the coastal area.  
In general, global nutrient budgets often include megacities in developing regions in the 
assessment of anthropogenic effect to coastal areas. However, based on the observations 
from this study, direct nutrient fluxes to the sea from the abundant medium population 
coastal cities with highly modified regional land use and little developed central sewage 
systems may contribute significantly to the total nutrient discharge into the ocean. Thus, it 
should not be overlooked in the large scale nutrient budget calculations to obtain a more 
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Abstract  
Submarine groundwater discharge (SGD) can transport substantial amounts of nutrients from 
coasts into the ocean. Southeast Asia has been hypothesized to be a hotspot of SGD. 
However, studies focusing on nutrient fluxes by SGD in this region are scarce compared to 
other locations around the world. In this study, 222Rn was used to assess SGD along the 
sedimentary coast of two beaches, Awur and Bandengan, in northern Java (Indonesia). In 
addition, fluxes of DIN, PO4, and DSi discharging in the coastal area were investigated. The 
average SGD rate in Awur Beach was 37 cm d-1 compared to 52 cm d-1 in Bandengan Beach. 
40% of total SGD in Awur was fresh groundwater, while in Bandengan it only composed 3% 
of the total SGD. Fresh SGD-derived DIN, PO4, and DSi fluxes were 19 mmol m-2 d-1, 2.9 
mmol m-2 d-1, and 40 mmol m-2 d-1 in Awur Beach, and 3.2 mmol m-2 d-1, 0.1 mmol m-2 d-1, 3.8 
mmol m-2 d-1 in Bandengan Beach, respectively. The high estimated SGD-derived nutrient 
fluxes from Awur Beach resulted from a combination of the geology and the land use in the 
hinterland and the coastal area. The results from this study provide a basis for environmental 
authorities that include the land containment of SGD-driven nutrient fluxes in the coastal 
area.   





Submarine groundwater discharge (SGD) is commonly defined as direct groundwater outflow 
across the land-ocean interface into the coastal ocean, regardless of fluid composition and 
driving force (Burnett et al., 2003; Church, 1996; Moore, 2010). Several studies found that 
SGD locally transports a significant amount of solutes into coastal oceans, including nutrients 
and trace metals (Charette and Buesseler, 2004; Rodellas et al., 2014), even exceeding 
fluvial nutrient input in some areas (Burnett et al., 2007b; Taniguchi et al., 2008). SGD rates 
tend to fluctuate due to tidal, hydraulic, and seasonal variability (Lewis, 1987; Santos et al., 
2009b; Taniguchi, 2002), especially in regions with high precipitation and groundwater 
recharge (Cable et al., 1997). Spatial variation of SGD locally also affects water quality in 
receiving water bodies, due to the enrichment of nutrients that causes ecological effects such 
as eutrophication and changes in phytoplankton community (Corbett et al., 1999; Lee et al., 
2009; Niencheski et al., 2007; Valiela and Costa, 1988). 
SGD can be detected using various methods, including seepage meters, geochemical 
tracers, or water balance calculations (Burnett et al., 2006). 222Rn has widely been used as a 
natural tracer for SGD due to its enrichment in groundwater compared to surface water, its 
unreactive nature, and its short half-life of 3.8 days (Burnett and Dulaiova, 2003; Cable et al., 
1996a; Corbett et al., 1997). Groundwater becomes enriched in 222Rn regardless of its 
composition as fresh groundwater or recirculated seawater; thus, 222Rn integrates both fresh 
and recirculated SGD (Dulaiova et al., 2008; Santos et al., 2012). The usage of continuous 
222Rn measurements to quantify SGD has been implemented in several studies worldwide in 
various settings, e.g., at the shoreline (Burnett and Dulaiova, 2003; Swarzenski and Izbicki, 
2009; Tait et al., 2013; Wu et al., 2013) or in estuaries (Adyasari et al., 2018; Burnett et al., 
2010; Makings et al., 2014; Peterson et al., 2010).  
Indonesia, located in tropical Southeast Asia, has favorable hydrogeological conditions for 
SGD with its wet, humid climate, high precipitation rates, high aquifer permeability, and long 
coastline. This region is also listed among the areas with strongest human modification of the 
coastal zone worldwide (Elvidge et al., 1997) and is a hotspot of surficial nitrogen and 
phosphorus yields due to high population density and runoff per area (Seitzinger et al., 
2005). Previously, significant groundwater-derived nutrient input into the local estuaries was 
identified (Adyasari et al., 2018). Other studies in Southeast Asia documented notable SGD-
related nutrient flux at the shoreline (Burnett et al., 2007b; Senal et al., 2011; Taniguchi et al., 
2008); hence it could also be a substantial pathway of nutrient transport in Indonesia. In 
some areas, SGD has particular importance for the local population, e.g. through the usage 
of freshwater springs or offshore wells as drinking water or livestock feeding purpose 
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(Moosdorf and Oehler, 2017). Thus, studies related to potential pollutants delivered by SGD 
into the coastal areas are necessary. However, SGD research in this region is scarce 
compared to other places around the world (Moosdorf et al., 2015; Taniguchi et al., 2002).      
In this study, we aim to evaluate the temporal and spatial variability of SGD, analyze its 
potential drivers, and ascertain the environmental impact of SGD-derived nutrient fluxes in 
the coastal urban city of Jepara, Indonesia. Two beaches, Awur and Bandengan, were 
studied to assess SGD characteristics with 222Rn as groundwater tracer.   
Materials and Methods 
Study sites 
Jepara is a city of 1.2 million inhabitants (2014) located in northern Java, the highest 
populated island in Indonesia. This region has a tropical climate, with an annual average 
temperature of 27 oC. Based on Jepara Bureau of Statistics (2017), Jepara had a total 
precipitation of 860 mm during the wet season of 2016 (October-March) and 380 mm in the 
dry season of 2016 (April-September). The coastal plain of Jepara contains alluvial products 
derived from redeposited volcanoclastic materials from Mount Muria, a quaternary 
stratovolcano, located ca. 20 km east of Jepara  (Said and Sukrisno, 1988). The land use 
around the sites is heavily modified by anthropogenic activities and dominated by agriculture, 
residential areas, pasture, and aquaculture (Figure 3-1). The measurements were 
implemented in two beaches, i.e. Awur and Bandengan Beach. Awur Beach is located in the 
southern part of Awur Bay, which has 5.13 km coastline and has a water depth range of 0-5 
meters (Bonauli et al., 2016). Bandengan Beach is situated in the Bandengan Bay, in the 
northeast part of Jepara. The bay has 1.8 km coastline, with depths of up to 7 meters 
(Budhiawan et al., 2013). Jepara’s beaches, particularly Bandengan Beach, account for 45% 
of total tourism activity in the city in 2016, the highest among all types of tourist objects 




Figure 3-1. Sampling location and land use in the study site. Land use information was obtained from 
Central Java Water Resources Management Agency (2016) 
Sampling and analytical procedure 
At all sampling locations, conductivity, temperature, and dissolved oxygen (DO) were 
measured directly in the field using the calibrated handheld probe WTWTM FDO 925. 
Nutrient samples were taken from groundwater (n = 23 in Awur Beach, sampling points 
TAW1-23; n = 8 in Bandengan Beach, sampling points BW1-8) and coastal water (n = 9 in 
Awur Beach, n = 9 in Bandengan Beach). Nutrient coastal water samples were taken during 
24-hour 222Rn time series measurements. Samples were collected in 3 hour intervals, 
including the zero-hour. For nutrient sampling, 40 ml of water was filtered through a Millipore 
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cellulose acetate cartridge filter (0.45 μm pore size) into polyethylene sample bottles and 
stored on ice until analysis. NOx, PO4, and DSi samples were poisoned with 50 μl saturated 
HgCl2 solution and measured in the laboratory using standard photometrical methods for 
NOx and DSi concentration (Grasshoff et al., 2009) and Hach PhosVer3 ascorbic acid 
method for PO4 concentration. NH4 samples were measured within eight hours after sampling 
using a Hach salicylate method. Every mention of dissolved inorganic nitrogen (DIN) in this 
paper refers to NOx (NO3 + NO2) and NH4 concentration.  
222Rn was used as a tracer for total SGD. We implemented one coastal spatial 222Rn survey 
and one temporal 222Rn continuous measurements in each beach. A 222Rn coastal survey 
was conducted during low tide from a boat. It started in the southernmost part of Awur Beach 
and ended in the northernmost part of Bandengan Beach. The measurement was conducted 
approximately 50-600 meter from the high tide line. Data for the coastal survey was recorded 
in 5-minute intervals and integrated into 10-minutes intervals. The time series measurements 
of 222Rn were implemented from a pier in Awur Beach (70 m from the high tide line) and 
Bandengan Beach (75 m from the high tide line) over tidal cycles. All 222Rn measurements 
were performed using a Durridge RAD7 with the Radon-in-Water and RAD Aqua accessories 
(Durridge, 2015). 24-hour time series used 10-minute measurement intervals which were 
later integrated into 1-hour intervals (Durridge, 2015). A HOBOTM conductivity logger (model: 
U24-002) was connected to a bilge pump that delivered water to the Rad Aqua system in 
order to continuously measure the salinity with a logging interval of 30 minutes. A HOBOTM 
water level logger (model: U20L) was deployed on the seafloor to measure changes in water 
depth during tidal cycles. Wind speed was measured with an anemometer to account for 
atmospheric loss during the measurement. 222Rn activity in ambient air was gauged at the 
end of each time series measurement with the RAD7.      
To determine the 222Rn end-member concentration in groundwater, two methods were 
employed. First, eight grab samples were taken from shallow coastal groundwater in Awur 
and Bandengan Beach (sampling points TAW1, TAW4, TAW6, TAW12. TAW13, TAW20, 
BW1, BW4, BW9; depth below ground level varied between 2-4 meters) and  collected into 
250 ml glass bottles by inserting a tube into the bottom of the bottle and filling it up until it 
overflowed. The samples were analyzed within 6-8 hours after sampling time using a RAD7 
detector (Durridge Company Inc.) coupled to a RAD H2O accessory (Durridge, 2015). The 
results were corrected for decay (Durridge, 2015). Second, a sediment equilibrium 
experiment was performed following the procedure by Corbett et al. (1998). Approximately 
200 g of sediment from the beach was mixed with seawater and agitated for 30 days in a 
laboratory until 222Rn in the pore fluid reaches equilibrium with 226Ra in the solid phase 
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sediment. The overlying seawater was measured for 222Rn concentration using RAD7 
detector.  
20 L of seawater were collected to account for 226Ra activities in the coastal water column. 
Radium isotopes were enriched on manganese-impregnated acrylic fibers as described in 
Moore and Reid (1973), and its activity was measured by Radium Delayed Coincidence 
Counter (Radecc) described in Waska et al. (2008). 
All of the statistical analyses and visualizations were performed in Sigma Plot software.   
SGD and nutrient fluxes calculation  
SGD was calculated based on continuous time series measurements in which all input and 
output fluxes of 222Rn were considered (Burnett and Dulaiova, 2003; Wu et al., 2013), as 
seen in Equation 3-1.  222Rn which is transported into the coastal water column via SGD 
(FSGD) was determined by changes in the 222Rn inventories (Ft) after it was normalized by 
changes in water depth over tidal cycles (Ftide), atmospheric loss (Fatm), and mixing with 
offshore waters (Fmix).  
FSGD = Ft + Ftide + Fatm + Fmix 
Equation 3-1 
Where Ft is the difference of excess 222Rn fluxes between the interval sampling hours, Ftide is 
the 222Rn flux leaving and entering the location with the outgoing and incoming tide, Fatm is 
222Rn loss through atmospheric evasion, and Fmix is 222Rn loss via mixing with offshore 
waters. The change in the 222Rn inventory itself was calculated for 1-hour intervals over a 24-
hour time series measurement. Excess 222Rn is calculated by subtracting 226Ra from 222Rn in 
each hour. Ft was computed by multiplying excess 222Rn with water depth at the given time. 
Ftide was obtained by multiplying changes in water depth with the 222Rn concentration 
offshore during high tide and 222Rn concentration in nearshore waters during low tide. Ftide is 
negative from high tide to low tide (incoming tide) due to a negative water depth change, and 
positive from low tide to high tide (outgoing tide). Fatm was calculated with equations 
presented by MacIntyre et al. (1995) and Turner et al. (1996) based on wind speed and the 
222Rn activity in the water and air during the measurement. Fmix was determined by 
estimating minimum mixing losses based on maximum negative 222Rn fluxes over time. After 
tallying Ft with Ftide, Fatm, and Fmix over time, the 222Rn flux was converted into a total SGD 
rate by dividing the 222Rn flux (FSGD) with the 222Rn concentration in groundwater. The latter 
was determined by sediment equilibrium experiments and 222Rn concentration measurement 





The freshwater fraction in each measuring interval was determined after salinity 
measurements, assuming a freshwater salinity of 0. A fresh SGD flux was then calculated by 
multiplying the total SGD flux with the freshwater fraction in each measuring interval. We 
used this assumption also considering the fact that there was a low chance of river input to 
measurement sites in Bandengan and Awur Beach to affect the freshwater fraction during 
the time series measurement. A nutrient flux from fresh SGD was calculated by multiplication 
of fresh SGD with the nutrient concentrations in fresh groundwater.  
Results  
Hydrochemical parameters  
Physiochemical parameters and nutrient concentrations of all water samples are shown in 
Table 3-1. Temperature and DO at all sampling points were similar in both locations. 
Groundwater sampled from wells in Awur and Bandengan Beach had a constant salinity of 
around 0.7. Salinity had the highest deviation in Awur Beach coastal water column compared 
to other sampling sites. The groundwater samples were consistently oxic, as all of the 
samples had DO concentrations above 1 mg L-1. All groundwater nutrient concentrations 
were above coastal water nutrient concentrations. Groundwater DIN concentration in Awur 
Beach and Bandengan Beach were approximately ten times higher than its coastal 
concentration. Groundwater DSi concentration in Awur Beach was seven times higher than 
its coastal concentration; however, in Bandengan Beach the difference was 37 times. 
Groundwater PO4 concentration was one magnitude higher than in coastal water of Awur 
Beach; meanwhile, PO4 concentration was almost similar between its coastal and 
groundwater in Bandengan Beach.   
Table 3-1. Concentration of hydrochemical parameters in groundwater and coastal water (mean ± 
standard deviation) 
Parameter Awur Beach Bandengan Beach 
Groundwater 
(n = 23) 
Coastal 
water (n = 
9) 
Groundwater 
(n = 8) 
Coastal 
water (n = 9) 
Temperature (oC) 29 ± 1 31 ± 2 29 ± 2 31 ± 1 
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Parameter Awur Beach Bandengan Beach 
Groundwater 
(n = 23) 
Coastal 
water (n = 
9) 
Groundwater 
(n = 8) 
Coastal 
water (n = 9) 
Salinity 0.7 ± 0.5 29 ± 3.7 0.7 ± 0.3 33 ± 0.1 
DO (mg L-1) 3.6 ± 1.8 5.9 ± 2.5 4.1 ± 2.4 6.3 ± 0.6 
DIN (μM) 130 ± 80 12 ± 10 205 ± 150 25 ± 28 
PO4 (μM) 19 ± 13 1.5 ± 0.3 4.5 ± 1.6 2.7 ± 2.6 
DSi (μM) 260 ± 75 37 ± 35 245 ± 42 6.5 ± 1.5 
 
222Rn spatial survey  
Figure 3-2 shows the results from the 222Rn coastal survey at Awur Beach and Bandengan 
Beach. Due to the maximum water depth of 2 meters, we assume that the water column was 
well mixed. The water temperature was 32 oC on average at the coastline, and 29 oC close to 
the estuary. Salinity was in the range of 32-33 at the coastline, and between 11-13 at the 
estuary. The 222Rn concentration at the coastline of Awur Beach ranged from 6 to 120 Bq m-3 
(mean 50 ± 38 Bq m-3), while in Bandengan Beach the range was 10-25 Bq m-3 (mean 17 ± 6 
Bq m-3). The maximum 222Rn concentration of 120 Bq m-3 was detected in the estuary of 
Kanal River. Coastal 222Rn concentrations were on average four times higher in locations with 
estuaries (mean 80 ± 29 Bq m-3) than areas without any freshwater inputs from streams 




Figure 3-2. 222Rn activities in the coastline of Awur and Bandengan Beach 
222Rn time series measurements in Awur Beach and Bandengan Beach 
Based on the recorded 222Rn concentrations during time series measurements in the beach 
locations, SGD rates were calculated using the methodology described in the previous 
section. A 226Ra activity of 1.63 Bq m-3 was determined for the water column. Wind speed 
during the field expedition was between 0-1.5 m s-1. A tidal range of 1.5 m was observed at 
both beaches during the time of the measurement. 222Rn concentrations in Awur Beach were 
200 Bq m-3 in average during the high tide, and reached up to 800 Bq m-3 during the low tide 
(Figure 3-3). 222Rn concentrations in Bandengan Beach were ten times lower than in Awur 
Beach during the low tide. The 222Rn concentration range was between 40-80 Bq m-3 for the 
whole tidal cycle, without a distinct difference of concentrations between low and high tide.  
Sediment equilibrium method resulted in a 222Rn concentration of 720 Bq m-3.  222Rn 
concentration in shallow groundwater samples were on average 1,330 Bq m-3 in Bandengan 
Beach (minimum = 1,010 Bq m-3, maximum = 1,750 Bq m-3, n=3) and 11,760 Bq m-3 in Awur 
Beach (minimum = 7,500 Bq m-3, maximum = 16,700 Bq m-3, n=5). As the sediment 
equilibrium result was in the same range with 222Rn in shallow groundwater at Bandengan 
Beach, we used the average of these two methods as 222Rn end member for the SGD flux 
calculation in Bandengan Beach. For Awur Beach, a 222Rn endmember concentration of 
11,760 Bq m-3 was used for the SGD flux calculation.  
The SGD fluxes were in a range between 0-100 cm d-1 (mean 37 ± 20 cm d-1, n=23) for Awur 
Beach and 0-130 cm d-1 (mean 52 ± 30 cm d-1, n=24) in Bandengan Beach (Table 3-2). A 
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40% freshwater fraction in total SGD was observed in Awur Beach during low tide. In 
Bandengan Beach, the fluctuation between 222Rn, water level, and salinity was less 
pronounced than in Awur Beach. There was 3% difference observed between the lowest and 
highest measured salinity. The freshwater fraction of SGD amounts to 15 cm d-1 and 1.5 cm 
d-1 in Awur Beach and Bandengan Beach, respectively. These values were used for the fresh 
SGD nutrient flux calculation.   
Table 3-2. Estimation of SGD in Awur and Bandengan Beach 
Site Awur Beach Bandengan Beach 
222Rn range in coastal water 
column (Bq m-3) 
80-800 30-80 
Freshwater fraction (%) 40 3 
Ft range (Bq m-2 h-1) (-180) - 260 (-20) - 30 
Fatm range (Bq m-2 h-1) 0-0.8 0-0.08 
Ftide range (Bq m-2 h-1) (-90) - 90 (-10) - 10 
Fmix (Bq m-2 h-1) 180 20 
Mean SGD rates (cm d-1) 37 52 
Mean fresh DIN flux (mmol m-2 d-1) 19 3.2 
Mean fresh PO4 flux (mmol m-2 d-1) 2.9 0.1 
Mean fresh DSi flux (mmol m-2 d-1) 40 3.8 
 
SGD-derived nutrient flux  
Nutrient values and 222Rn concentrations in the water column during time series 
measurements are shown in Figure 3-3. There were distinct associations between the 
fluctuation of 222Rn and DIN, DSi, and DIN:PO4 ratios in Awur Beach, where the highest 
nutrient concentrations and DIN:PO4 ratios occurred during the low tide. These associations 
were less pronounced in Bandengan Beach. PO4 concentrations were consistently low in all 
locations, and it did not correlate to any physical parameters measured. Significant 
correlation (Spearman correlation, p < 0.05) between nutrient concentrations and salinity in 
the time series were only observed in Awur Beach, i.e. correlation between DIN and DSi 
concentration with salinity (R2 = 0.882 and R2 = 0.973 for DIN and DSi, respectively) (Figure 


















Figure 3-3. Time series measurement results of 222Rn activities against salinity and water level (top), DIN, 
PO4, and DSi concentration (middle), and DIN : PO4 ratio (bottom). Date of measurement was 14 December 








Figure 3-4. Plot of correlation between nutrient concentration vs salinity in the study sites 
Discussions 
SGD driving forces and rates  
We observed spatial and temporal variation of SGD rates along the coastline of Awur and 
Bandengan Beach. In Awur Beach, 222Rn variability clearly followed the tidal level during the 
24-hour measurement, while this association was less pronounced in Bandengan Beach 
(Figure 3-3). We assume that tidal pumping was the primary factor driving total SGD in both 
of the locations. In the case of Awur Beach, hydraulic-gradient driven fresh groundwater 
discharge occurred in addition to the tidal pumping. This condition resulted in higher 
terrestrial groundwater seepage indicated by a 40% salinity drop during the low tide. High 
222Rn concentrations in both coastal wells and nearshore water column suggested that most 
of the 222Rn transported into the coastal area was indeed fresh groundwater. Volcanic 
regions tend to have high 222Rn concentrations in the aquifer due to high uranium contents, 
as well as elevated temperatures which subsequently lead to higher water-rock interactions 
and 222Rn emanation (D’Alessandro and Vita, 2003). The 222Rn range in coastal groundwater 
of Awur Beach was also similar to those observed in the another volcanic area (D’Alessandro 
and Vita, 2003); thus, suggested that Awur Beach’s coastal fresh groundwater originates 
from the volcanic aquifer in the hinterland. In the other hand, total SGD in Bandengan Beach 
was consisted almost only of recirculated seawater. The low 222Rn in coastal wells and water 
column may indicate that Bandengan Beach’s coastal lithology was more dominated by 
marine fraction. This was also supported by Bandengan Beach’s lower DSi concentration (6 
μM) than in Awur Beach (37 μM). Low DSi concentration in the coastal water column often 
indicates prevalence of recirculated SGD in a given coastal area (Cho et al., 2018; Senal et 
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al., 2011). DSi is often used in marine studies as fresh groundwater signal in coastal water 
due to its enrichment in terrestrial aquifer (Garrison et al., 2003). 
The SGD rates reported in this study are higher when compared to other locations (Table 3-
3), except of other studies from volcanic areas that have higher (Wu et al., 2013), or similar 
(Kim et al., 2003) rates. The measurement was conducted in the wet season, which usually 
leads to a high aquifer recharge, followed by a higher discharge. This has also been 
observed in other tropical areas (Lewis, 1987; Mirasol, 2010; Oehler et al., 2018; Senal et al., 
2011). Another factor that may explain high SGD rates in this study site is hydraulic 
conductivity, which is usually high in volcanic aquifers (Gleeson et al., 2014; Stieglitz et al., 
2008). However, hydraulic conductivity data for the local aquifer are not available.  
Table 3-3. SGD rates compared with other studies using 222Rn as groundwater tracer and calculated using 
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We estimated a volumetric discharge of SGD by multiplying the SGD flux with the seepage 
area. We assumed that the SGD was released close to the shoreline. During the time series 
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measurement in Awur Beach, the RAD7 was stationed 70 meters from the low tide line, while 
the bay where Awur Beach is located has a length of 5.13 km. This results in a total 
discharge area of 3.59 x 105 m². A similar extrapolation was used by (Wu et al., 2013). Based 
on this discharge area the volumetric discharge along the entire bay would be 130 x 103 m3 d-
1. This SGD flux was approximately 28% of total stream discharge entering the same bay 
(i.e. 470 x 103 m3 d-1, Central Java Water Resources Management Agency (2015)), and it 
was in accordance with the 222Rn spatial survey along the Jepara’s coastline where 222Rn 
concentration in estuaries was higher than at the coastline. If this assumption were applied to 
Bandengan Beach, in which measurement occurred at 75-meter transect distance and the 
bay had 1.8 km length, the total SGD volume along the shoreline would be 70 x 103 m3 d-1.  
SGD-derived nutrient flux 
In this study, we also measured dissolved inorganic nutrient species in the coastal 
groundwater to determine SGD-derived nutrient fluxes in this region. Average groundwater 
DIN and PO4 concentrations in Awur Beach and Bandengan Beach were above those in 
other urban locations in Southeast Asia (Burnett et al., 2007b; Taniguchi et al., 2008). DIN 
pools were comprised of 63% of NOx and 37% of NH4. High NH4 concentrations in the 
aquifer can be an indicator of sewage leaks from septic tanks or in situ production via 
anaerobic degradation of organic matter (Böhlke et al., 2006), but with generally oxic 
conditions in all groundwater sampling points, the NH4 source seems to be leakage from 
septic tanks. Data from Jepara Bureau of Statistics (2017) show that there was no central 
wastewater treatment plant in the city and only 30% of Jepara residential area have 
sanitation systems; thus, aquifer pollution by municipal wastewater is very likely. Fertilizer 
from paddy fields and manure waste from pasture could also be a source of high DIN 
concentrations in groundwater aside from the sewerage system (Adyasari et al., 2018).  
Phosphorus usually binds to sediments in oxic groundwater through adsorption; thus high 
aquifer PO4 concentration in this study might be attributed to sewerage and high fertilizer 
loading in the agricultural area. High input of P-based fertilizer can overwhelm soil sorption 
capacity for phosphorus species thus increases their mobility in the aquifer (Slomp and Van 
Cappellen, 2004).  
The relation between anthropogenic activities and groundwater nutrient concentration has 
been long acknowledged, but its potential importance in Awur Beach area is that SGD 
delivers DIN into the coastal water. Nitrogen inputs to the bay via SGD were higher than at 
other studies (Table 3-3) due to the combination of land use and infrastructure in Jepara. A 
study performed in Sarasota Bay (Florida, US) mentioned sewage as a nutrient source of 
SGD even though this setting has developed sewage infrastructure (Mwashote et al., 2013). 
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A study in Tampa Bay, reported a total dissolved nitrogen flux of 12 mmol m-2 d-1 from a fully 
sewered city (Kroeger et al., 2007). Sanitary infrastructure is generally better in developed 
nations such as the US (WorldBank, 2017), and water quality regulations are implemented 
more effectively compared to Jepara. A DIN flux of 4.4 mmol m-2 d-1 was reported from a 
Philippine city with the same 70% sanitation coverage as Jepara  (UNICEF, 2017); however, 
this study site has a population of 80,000 (Senal et al. (2011), much smaller than Jepara.  
In the case of coastal PO4 concentration, which displayed lack of correlation to salinity 
fluctuation in all of the measurements, it indicated a marine source of PO4, e.g. the release of 
adsorbed PO4 (Kaiser et al., 2013). The PO4 desorption was part of the natural recycling 
process of P-containing particles, which depended on the availability of other elements (e.g. 
Fe and S) and oxygen condition in the water column or sediment surface (Hartzell and 
Jordan, 2012; Schneider, 2011).  
By using the volumetric discharge extrapolation in the previous chapter, fresh SGD-
associated nutrient fluxes from both Awur Beach and Bandengan Beach were measured to 
13 x 103 mol d-1 for DIN and 1.2 x 103 mol d-1 for PO4. In comparison, total nutrient-related 
groundwater flux into the downstream river and estuaries of two major streams in Jepara 
(Kanal River and Wiso River) in the same period was approximately 106 x 103 mol d-1  for 
DIN and 5 x 103 mol d-1  for PO4 (Adyasari et al., 2018). The same study also concluded that 
stream-derived nutrient discharges into the coastal area were 44 x 103 mol d-1 for DIN and 7 
x 103 mol d-1 for PO4. Therefore, nutrient fluxes associated with direct groundwater discharge 
at the coastline were equivalent to 12% of DIN and 24% of PO4 of total groundwater nutrient 
fluxes into the estuaries, and 20% of DIN and 17% of PO4 of total river runoff to the ocean.  
Uncertainty related with SGD and nutrient flux 
There are uncertainties in the SGD and nutrient flux calculation employed for this study. For 
example, characterization of the end member concentration in groundwater is a critical 
component in estimating the correct SGD rates (Burnett et al., 2006; Burnett et al., 2007a). 
Previous studies relied on collecting samples from monitoring wells, piezometers deployed in 
the subsurface, or seepage meters, as well as implementing a sediment equilibrium 
experiment (Burnett et al., 2010). We performed 222Rn concentration measurement from the 
coastal wells in each beach, as we established that Awur Beach and Bandengan Beach had 
different lithology in their coastal aquifer systems. This resulted in a one to two-fold variations 
in the groundwater endmember concentration in Bandengan Beach, and two to three-fold 
variations in Awur Beach. Two to three-fold variations of groundwater endmembers were 
reported to be common, as distinctive 222Rn concentrations were also observed in other 
studies within small spatial and temporal difference (Dulaiova et al., 2008; Santos et al., 
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2009b) and it  may imply different geological features, residence times  (Swarzenski et al., 
2007), or accumulation of 226Ra (Dulaiova et al., 2008). If we were to use minimum and 
maximum endmember concentration in each beach, the average SGD fluxes would be 59 ± 
24 cm d-1 and 26 ± 15 cm d-1 for Awur Beach, and 83 ± 54 cm d-1 and 34 ± 22 cm d-1 for 
Bandengan Beach, respectively. The approximately two times variation was in accordance 
with the variation of groundwater 222Rn concentration in each location.  
Estimating SGD-derived nutrient flux by multiplying SGD rates with a nutrient endmember 
concentration in the fresh groundwater is common in the literature (Dulaiova et al., 2008; 
Kroeger et al., 2007). However, due to various biogeochemical processes in the 
subterranean estuary, e.g. denitrification, ammonia sorption, organic remineralization, and 
other microbial processes (Kroeger and Charette, 2008; Valiela et al., 1992), the net fluxes 
into the coastal waters may differ from this estimate. Porewater measurements in Awur 
Beach suggested non conservative removal of nitrate in the subterranean estuary 
(https://doi.pangaea.de/10.1594/PANGAEA.899042); however, due to incomplete data (i.e., 
no porewater data available for Bandengan Beach), we could not analyze the reactivity of 
nutrients in the subterranean estuary in greater depth.  
Environmental implications of SGD nutrient flux  
Coastal water is a subject to both terrestrial and recirculated SGD. In the case of Bandengan 
Beach, recirculated SGD at this location may affect sediment compositions and shallow 
sediment cycling of reactive components such as nutrients, organics, and metals by 
enhancing mineralization or altering metal adsorption through reduction-oxidation processes 
(Charette et al., 2005; Martin et al., 2007). Thus, marine-based nutrient sources or tourism 
activities on the beach were most likely to be the main factors determining coastal water 
quality in this area. In Awur Beach, land-based DIN enrichment to the coastal water may 
contribute to marine eutrophication. As PO4 concentration in coastal area was consistently 
low, the amount of DIN brought by fresh SGD can drive the primary productivity into P-limited 
conditions, which further may impact the balance of nutrient dynamics and microalgae 
community in the coastal area (Lee et al., 2009). This trend is common especially in areas 
with both high anthropogenic activities and SGD flux (Rocha et al., 2015; Slomp and Van 
Cappellen, 2004; Wu et al., 2013). Thus, marine pollution prevention in Awur Beach area 
should focus on DIN retention in the watershed. As fresh SGD nutrient flux into the beach 
was minor compared to groundwater-derived nutrient discharge into the estuary in Awur Bay, 
nutrient retention systems along the riverbank, such as riparian zones, could be an effective 
tool for pollution containment. Port activity and small aquaculture ponds scattered along the 
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coastline of Awur Bay have to be regulated in order to not exacerbate marine pollution in the 
area.  
Dissolved nutrient concentrations in nearshore water of Awur and Bandengan Beach partly 
exceeded the limit of 21.5 μM of DIN concentration and 0.15 μM of PO4 concentration, based 
on national regulation (Ministry of Environment and Forestry, 2004). This is important 
considering Bandengan Beach is the most visited tourist site in Jepara, with 350,000 visitors 
in 2016 (Jepara Bureau of Statistics, 2017). Therefore, a preventive and reactive approach of 
coastal water quality management that includes SGD should be developed to prevent 
deterioration in nearshore water. Particularly since the drivers of SGD as well as its temporal 
and spatial variability in each location have been identified (Table 3-4).   
Conclusions 
222Rn concentrations, SGD rates, and nutrient fluxes were measured in two beaches in 
Jepara, Indonesia: Awur and Bandengan Beach. The spatial 222Rn survey concluded that 
SGD was found to be elevated close to the estuary than the coastline. Temporal 222Rn 
measurement suggested that tidal pumping affected SGD both locations; however, there was 
higher fresh groundwater seepage in Awur Beach than Bandengan Beach due to additional 
hydraulic gradient drive. SGD in Awur Beach was characterized by terrestrial fraction 
bringing freshwater DIN and DSi into the nearshore water, while SGD in Bandengan Beach 
mostly consisted of recirculated seawater. In general, nutrient fluxes through SGD in Jepara 
are elevated compared to other previous studies due to a combination of natural geological 
condition, high coastal population, and anthropogenic activities in the study sites. The result 
of this study can be used as a basis for environmental authorities in coastal urban areas with 
little sanitation in providing spatially proper nutrient retention. As SGD was proven to carry 
terrestrial DIN, it can be argued that the containment of inland nitrogen use was considered 
to be a priority step to protect the water quality of coastal groundwater and nearshore water 








Table 3-4. Summary of SGD characteristics in two study locations 
Characteristics Awur Beach Bandengan Beach 
Composition  Terrestrial groundwater and 
recirculated seawater 
Recirculated seawater 






originated from volcanic 
aquifer 
Sediment equilibrium and 
coastal groundwater with 
high marine fraction  
SGD 
characteristics 
SGD fluctuation associated 
with tidal cycle, high 222Rn 
concentration 
SGD fluctuation did not 
associate with tidal cycle, 
low 222Rn concentration 
Nutrient flux 
characteristic 
Land derived, nutrient-rich on 
DIN and DSi  
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Abstract 
Submarine groundwater discharge (SGD) has been found to be an important pathway for 
chemical or biological pollutants from land to the ocean around the world. However, 
microbial-related SGD study in Southeast Asia, which has been hypothesized as SGD 
hotspot, remains scarce. In this study, we examined microbial community composition with 
16S rRNA sequencing along the hydrological continuum of an SGD site in a tropical urban 
area of Indonesia. Of the observed parameters in this study, salinity and temperature were 
the most determinant variables explaining the microbial communities’ pattern. The bacterial 
taxon Burkholderiaceae was predominantly found in low salinity samples, including those 
from terrestrial groundwater and brackish pore water, while cyanobacteria of the genus 
Synechococcus sp. CC9902 were indicative of saline SGD and seawater samples. The 
proportion of microbial communities in each sample pointed to the influence of shallow 
terrestrial groundwater in the beach pore water, while seawater recirculation dominated the 
more offshore SGD sampling points. The identification of fecal indicator and potentially 
pathogenic bacteria along the land-ocean interface suggested bacterial contamination from 
anthropogenic activities, and SGD may function as one of the potential land-ocean delivery 
pathways. Overall, results from this study show that microbial community analysis can 
highlight hydrological processes and water quality at the SGD site; thus, it could be a useful 
tool for environmental policymakers for formulating water management strategies in coastal 
areas. 
Keyword: microbial community composition, submarine groundwater discharge, seepage 




Submarine groundwater discharge (SGD) is commonly defined as groundwater outflow 
across the land-ocean interface into the coastal ocean regardless of fluid composition and 
driving force; hence, SGD may also include fresh groundwater and recirculated seawater  
(Burnett et al., 2003; Church, 1996; Moore, 2010). Known methodologies employed to detect 
and quantify SGD are seepage meters, piezometers, natural tracers (e.g. radon and radium), 
or water balances (Burnett et al., 2006). SGD has long been identified as an essential 
pathway for terrestrial nutrients or other forms of pollutant into the ocean (Johannes and 
Hearn, 1985; Moore, 2006; Slomp and Van Cappellen, 2004). Studies reported nutrient 
enrichment in coastal waters due to SGD, particularly in areas with high anthropogenic 
activities (Hwang et al., 2010; Lee et al., 2009; Valiela and Costa, 1988). Fecal pollution in 
coastal waters related to SGD was reported to result from leakage of sanitary infrastructures 
in the adjacent watershed (Boehm et al., 2006; Fujita et al., 2013; Knee et al., 2008).   
One interesting aspect of SGD is chemical reactions which occur in the coastal aquifer and 
subterranean estuary due to the mixing between terrestrial groundwater and seawater, as 
they may influence the amount and quality of material discharging into the overlying water. 
The relation between SGD and microbes-mediated biogeochemical processes have been 
studied, e.g. nitrification (Rogers and Casciotti, 2010), denitrification (Santoro et al., 2006), or 
the dissimilatory nitrate reduction to ammonium (DNRA) (Song et al., 2014). Additionally, 
SGD impact on the benthic and planktonic communities at the receiving water bodies have 
also been observed (Adolf et al., 2019; Garcés et al., 2011; Waska and Kim, 2011). The 
composition of the microbial community at SGD sites can be highly variable due to 
groundwater level fluctuations, waves, and tidal cycles, which subsequently may modify the 
dominant biogeochemical reactions at the given sites (Grossart et al., 2004; Lee et al., 2017; 
Ye et al., 2016).  
SGD studies in the tropical Southeast Asia region are scarce, even though this area may be 
a hotspot of SGD due to its climate and favorable hydrogeological conditions (Burnett et al., 
2007b; Moosdorf et al., 2015). Previous studies in this region focused on SGD-derived 
nutrient (Burnett et al., 2007b; Oehler et al., 2018; Senal et al., 2011; Taniguchi et al., 2008) 
or carbon fluxes (Macklin et al., 2014), while the microbial community composition in the 
SGD pathway remains unknown. Adequate sanitation in this part of the world remains low, 
and there is still high prevalence of waterborne illnesses such as diarrhea (Chakravarty et al., 
2017) or other bacterial-sourced epidemics such as tuberculosis and leprosy (WHO, 2018); 
thus, SGD may promote the spread of fecal indicator or pathogenic bacteria from terrestrial 
to coastal water.   
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Therefore, this study aims to investigate microbial community dynamics along the SGD 
pathway, which were related to coastal hydrological processes or biological contamination. 
The results of this study will improve understanding of the relationship between microbial 
community composition and hydrological aspects of SGD; as well as improving the basis for 
effective coastal water management in coastal areas.     
Materials and methods  
Study site 
Jepara is a coastal city with a population of 1.2 million people located in northern Java, 
Indonesia. Land use of the area primarily comprises of agriculture, aquaculture, and 
residential areas (Jepara Bureau of Statistics, 2017). A strato-volcano, Mt. Muria (1602 m), is 
located about 20 km east of Jepara. The coastal plain is comprised of alluvial products that 
are derived from redeposited volcanoclastic materials, which are underlain by extensive 
aquifers (Said and Sukrisno, 1988). The study site, Awur Beach, is dominated by residential 
areas, agriculture, and holiday resorts, with several bathing sites for tourists. A central 
wastewater treatment plant is not present, and only 70% of the city is covered by sanitation 
systems, such as septic tanks or communal toilets (Jepara Health Agency, 2015).   
Sample collection and measurement of physiochemical parameters 
Field samplings for microbiological analysis were conducted in parallel with a 24-hour SGD 
survey described in Adyasari et al. (2019). The date of the measurement, 15-16 December 
2016, was coincidental with the wet season and spring tide period of lunar phase. Samples 
were collected from dug wells (GW1-4), pore water (PW1-8), seepage meters (SPM1-6), 
river water (R1-2), and seawater (SW1-4) in Awur Bay, Jepara (Figure 4-1). Pore water 
samples of station PW3, PW4, PW5, PW7 were collected within transect from the beach, into 
the coastal ocean in conjunction with seepage meter samples. Samples PW3-PW4 were 
taken next to samples PW5-PW7 in vertical profile between 0-20 cm depths from the surface. 
Meanwhile, pore water samples PW1, PW2, PW6, PW8 were taken 200 m westwards of 
points PW3, PW4, PW5, and PW7, also in similar manners of the vertical profile. All of pore 
water samples were collected from push point piezometer at the early low tide event, i.e. 
between 10.00-11.00. Seepage meter samples were collected in plastic bags, after being 
deployed between 10.00-16.00, which was in concurrent with low tide event.  
For microbiological analysis, 250 ml of water was sampled from coastal groundwater, pore 
water, seepage meter, and seawater and placed into sterile glass bottles. Water samples 
were immediately filtered through 0.22 μm Merck isopore membrane filters, placed in a 
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sterile 1.5 ml microcentrifuge tube, and stored at -20oC. For nutrient analysis, 40 ml water 
was filtered through a Millipore cellulose acetate cartridge filter (0.45 μm pore size) collected 
into polyethylene sample bottles in duplicates.     
 
Figure 4-1. Sample collections in the study site (river sampling points are not shown due to distance) 
Physical parameters for each sample were measured immediately in the field using handheld 
probes: a conductivity measuring cell (WTWTM TetraCon 925-P) and a dissolved oxygen 
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probe (WTWTM FDO 925). NO3 samples were preserved by poisoning the sample with 
mercury chloride, stored at -20oC, and analyzed photometrically (Grasshoff et al., 2009) 
using a microtiter Tecan plate reader at the laboratory of the Leibniz Centre for Marine 
Tropical Research in Bremen. NH4 and PO4 samples were measured within eight hours in the 
field using a portable Hach photometer using the Hach salicylate method and Hach 
PhosVer3 ascorbic acid, respectively.  
 Molecular analysis of microbial communities    
Genomic DNA was extracted based on the protocol stated in Nercessian et al. (2005). DNA 
pellets were dissolved in TE buffer (10 mM Tris-HCl, I mM EDTA, pH 8.5) and sent to LGC 
Genomics (Berlin, Germany) for paired-end amplicon sequencing on an Illumina MiSeq using 
the V3 Chemistry (Illumina). DNA sequences of the V4-V5 hypervariable region of the 16S 
rRNA gene were obtained with primer set 515YF (5’-GTGYCAGCMGCCGCGGTAA-
3’)/926R(5’-CCGYCAATTYMTTTRAGTTT-3’). The primer-clipped sequences provided by 
LGC, were further processed using the dada2 software package (Callahan et al., 2016). 
Briefly, forward and reverse reads were quality trimmed to 215 bp at a maximum expected 
error rate of 4. The complete data set was used for error learning and pooled for denoising. 
Merging and chimera detection were conducted with default parameters. Only amplicon 
sequence variants between 361 and 399 bp occurring at least twice in the data set were 
retained and will, in the following, be referred to as operational taxonomic units (OTUs). 
OTUs were taxonomically classified using the silvangs web service (https://www.arb-
silva.de/ngs/, date accessed 23.08.2018) with version 132 of the SILVA reference database. 
Unwanted lineages (chloroplasts, mitochondria, and OTUs unclassified on phylum level) 
were removed from the dataset.  
Statistical analysis   
Statistical analysis and figure visualizations were implemented in R (R version 3.5.2 in R 
studio version 1.1.456) using the ‘vegan’ R package version 2.3-5 (Oksanen et al., 2015). 
Principal Component Analysis (PCA) was conducted to group sampling points based on 
environmental parameters. Alpha diversity indices were calculated to assess richness and 
evenness of the microbial community. Values were determined based on repeated random 
subsampling of the amplicon datasets to the lowest number of sequences per sample. OTU 
number, Chao1 and abundance-based coverage (ACE) estimator, inverse Simpson, 
Shannon index, percentage of absolute and relative singleton, and absolute doubletons were 
estimated. Analysis of Similarity (ANOSIM) and pairwise ANOSIM posthoc tests were applied 
to test for differences between the five sample categories (groundwater, pore water, seepage 
meter, river, and seawater), according to microbial community composition. Differences in 
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microbial community composition (beta diversity) were assessed based on Bray-Curtis 
dissimilarities of relative sequence abundances. Bray-Curtis dissimilarity was selected due to 
its ability to tackle issues of zero abundances often observed in microbial data taken from the 
natural environment (Buttigieg and Ramette, 2014). Average linkage clustering was 
conducted to produce a cluster dendogram of the microbial community.  
Patterns of microbial community composition were visualized on OTU level by non-metric 
multidimensional scaling (NMDS). NMDS was used due to its robustness in ranking the 
distance between objects and mapping it into simplified ordination space (Ramette, 2007; 
Shepard, 1966). Environmental parameters were fitted into the ordination with vegan function 
envfit. OTUs with 0.2% most frequent and 90% most fitted to environmental variables were 
projected into the NMDS ordination with ‘goeveg’ package (Friedemann and Schellenberg, 
2017).  
Redundancy analysis (RDA) was applied to OTUs, which constituted more than 0.1% of the 
sequences in more than 10% of the samples, or more than 10% in one sample, to explore 
the contribution of the environmental variables  in explaining patterns in microbial community 
composition. The pruning of the data set did not alter beta diversity patterns (Mantel test, r = 
0.991, p = 0.001). Prior to RDA, sequence counts were centered log ratio-transformed. Both 
backward and forward model selection based on the Akaike Information Criterion (AIC) was 
used to determine environmental parameters which best explained the observed OTU 
patterns.    
Fecal indicator and potential pathogens determination  
The fecal genera include in this analysis are either clinical taxa or obligate human or animal 
enteric and fecal system (e.g. Aerococcus, Agathobacter, Alloprevotella, Anaerococcus, 
Bacteroides, Coxiella, Cutibacterium, Dialister, Enterobacter, Enterococcus, Enterovibrio, 
Erwinia, Escherichia-Shigella, Faecalibacterium, Finegoldia, Fusobacterium, Globicatella, 
Kerstersia, Klebsiella, Legionella, Leptospira, Megamonas, Prevotella 2, Prevotella 7, 
Prevotella 9, Ruminiclostridium, and Succinivibrio) (Rosenberg et al., 2014a; Rosenberg et 
al., 2014b; Rosenberg et al., 2014c; Rosenberg et al., 2014d). Among these selected taxa, 
family Enterobacteriaceae (e.g. genera Escherichia-Shigella, Klebsiella, Erwinia, and 
Enterobacter) and Legionella are often used as indicator for water quality status (Fewtrell 
and Bartram, 2001). Genera that contain waterborne human pathogens, but also include 
non-pathogenic members, are also identified (e.g. Staphylococcus, Mycobacterium and 
Vibrio) (Pond, 2005). Specifically, Vibrio, Mycobacterium, Staphylococcus, and Legionella  
were added based on the local statistical report, which listed diarrhea, tuberculosis, 
pneumonia, leprosy, and leptospirosis as health cases in this area (Jepara Bureau of 
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Statistics, 2017).  Identification on the species level was not possible due to the length of the 
16S rRNA fragment analyzed in this study.  
Results  
Physiochemical parameters and SGD characteristics 
Physiochemical parameters of water samples are listed in Table 4-1. Temperatures were 
consistently at 27 to 28°C for groundwater, river, and pore water, while seepage meter and 
seawater exhibited a mean temperature of 30°C. The pore water group was brackish (salinity 
between 7-19), while the seepage meter group had salinity more similar to seawater (salinity 
between 27-31). Among the pore water samples, PW1, PW2, PW6, and PW8 had a mean 
salinity of 18; therefore these samples will be further addressed as saline pore water. Pore 
water samples PW3, PW4, PW5, and PW7 had a mean salinity of 8, and will be addressed 
as brackish pore water. All samples were well-oxygenated, with the minimum DO 
concentrations (2.5 mg L-1) occurring in the groundwater (sample GW4) and the maximum 
concentration occurred in seawater (7.78 mg L-1, sample SW2). Nutrient concentrations were 
the highest in the groundwater samples among all samples. NO3 concentration decreased 
one order of magnitude from low to high salinity samples. NH4 had the average lowest 
concentration in the pore water (7 μM), while its concentration in the river, seepage meter, 
and seawater were between 18-27 μM. The lowest average PO4 concentration was found in 
the river (5 μM), while its concentration in pore water, seepage meter, and seawater was 
similar (9-10 μM).  
Table 4-1. Environmental parameters of the four sample groups (mean ± standard deviation) 
Parameter Groundwater 
(GW, n=4) 
River (R, n=2) SGD (n=14) Seawater 







28.08 ± 0.63 28.10 ± 0.71 27.10 ± 0.53 30.20 ± 0.86 30.23 ± 1.66 
Salinity  1.08 ± 0.73 < 0.10 13.35 ± 5.63 31.08 ± 1.88 33.10 ± 0.48 
DO (mg L-1) 3.83 ± 1.08 5.69 ± 1.97 5.43 ± 2.12 7.43 ± 0.18 7.57 ± 0.17 
NO3 (μM) 77.30 ± 43.19  94.75 ± 1.16 3.89 ± 2.66 4.86 ± 1.71 0.58 ± 1.16 
NH4 (μM) 159.82 ± 217.78 21.07 ± 6.57  7.23 ± 3.14 27.29 ± 9.95 18.29 ± 13.72 




Variation and composition in microbial community  
Microbial community composition across the five groups were distinctive based on the 
ANOSIM test (R = 0.58, p = 0.001). Pairwise ANOSIM comparison showed that two of the 
highest overlaps of microbial community composition were found between groundwater-river 
samples (R = 0.14, Table 4-2), while significantly different communities were identified from 
groundwater-seawater and river-seawater (R = 1). The separation between pore water and 
other groups varied between R = 0.5 – 0.6. Average Bray-Curtis dissimilarity was 0.92, 
indicating that microbial community composition was heterogeneous across all samples. 
However, generally freshwater samples (GW1-4, R1-2) were clustered close to each other, 
while seepage meter samples (except SPM2) were grouped together with seawater samples 
(Figure 4-2). Brackish pore waters were similar to each other (PW3, PW4, PW5, PW7), but 
very different from the saline pore water (PW1, PW2, PW6, PW8). Brackish pore water 
samples also had more similarity to freshwater samples than to saline samples. Saline 
samples were indicated by a high proportion of Oxyphotobacteria. Gammaproteobacteria 
was the dominant class in all of the samples, followed by Alphaproteobacteria and 
Bacteroidia. Actinobacteria was enriched in brackish pore water and river samples.  
Table 4-2. Anosim P and R pairwise test value 
Anosim R 
Groundwater River Porewater Seepage meter Seawater 
Groundwater NA NA NA NA NA 
River 0.14 NA NA NA NA 
Porewater 0.67 0.51 NA NA NA 
Seepage meter 0.84 0.70 0.51 NA NA 
Seawater 1 1 0.50 -0.01 NA 
Anosim P-adjusted 
Groundwater River Porewater Seepage meter Seawater 
Groundwater NA NA NA NA NA 
River 0.22 NA NA NA NA 
Porewater 0.01 0.08 NA NA NA 
Seepage meter 0.01 0.08 0.01 NA NA 






Figure 4-2. Bray Curtis dissimilarity dendrogram and relative composition of dominant microbial taxa on 
class level across all samples 
Based on alpha diversity calculation, the estimated species richness based on 16S OTUs 
ranged from 0-2500 across all samples, with the highest and lowest richness identified in 
seepage meter samples (Figure 4-3). Inverse Simpson and Shannon indices displayed a 
similar trend where seepage meter and seawater samples had the highest median diversity, 
followed by the river water, pore water, and groundwater samples. Microbial communities 
consisted of large proportions of rare OTUs, which composed of 15% (absolute singletons), 




Figure 4-3. Alpha diversity of microbial community at groundwater (GW), river water (R), pore water (PW), 
seepage meter (SPM), and seawater (SW). Alpha diversity indices: OTU number, Chao1 and ACE richness 
estimator, inverse Simpson index, Shannon index, percentage absolute (SSOabs) and relative (SSOrel) 
singletons, and absolute doubletons (DSOabs) per sample. The black line shows the median per group. 
 
Figure 4-4 shows an NMDS plot where the position of each sampling sites was projected in 
an ordination space as well as their associated OTUs and environmental variables. 
Groundwater and river water communities were associated with high nutrient concentration, 
while a positive association was found between seawater and seepage meter communities 
with salinity, DO, and temperature. Two communities (SPM2 and PW8) were considered as 
outliers, as they were projected far from the other samples. Envfit result showed that 
changes in salinity, temperature, DO, and NO3 coincide most strongly with the pattern in 
microbial community composition. RDA confirmed that salinity and temperature were the 
primary variables best suited to explain the patterns of the microbial dataset according to the 
model selection procedure (Table 4-3). The selected model with salinity and temperature 
explained 28% of the microbial community composition in this study, including 10% 
covariance between the two variables. Collinearity between temperature and salinity was 
also supported by the PCA plot (Figure 4-5). The arrow angles between environmental 
parameters in Figure 4-4 show that parameters DO-temperature-salinity, as well as NO3-PO4, 
have positive covariance. Together, NMDS, PCA and RDA results supported each other and 
suggested that salinity and temperature were the most determinant variables of all measured 
parameters that shaped the microbial community composition in the SGD site. DO and NO3 
were not considered significant due to possible collinearity, while NH4 and PO4 were 
observed as parameters with no strong effect on the microbial community composition.    
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Table 4-3. Contribution and significance of environmental variables explaining the variation in microbial 








Final model  28.91 2 5.676 0.001*** 
Salinity 10.01 1 4.120 0.001*** 





























Figure 4-4. Non-metric multidimensional scaling (NMDS) plot based on Bray Curtis 
dissimilarity matrix of microbial community. Red arrow indicates significant 
variables based on envfit (p < 0.05). The most frequent and most fitted into 
environmental parameters OTUs are projected into the ordination. Some of the 
sampling points are colored green to differentiate each location, particularly 























Figure 4-5. Principal Component Analysis (PCA) of the observed environmental conditions at the 
sampling site 
 
Some of the most frequent and most fitted OTU with environmental variables in Figure 4-4 
include OTU1 (Burkholderiaceae, class Gammaproteobacteria), OTU3 (Novosphingobium, 
class Alphaproteobacteria), OTU5 (Limnohabitans, class Gammaproteobacteria), OTU16 
(Sediminibacterium, class Bacteroidia), and the methanotrophic bacteria OTU38 
(Methylomonas, class Gammaproteobacteria), OTU70 and OTU127 (both 
Methylomonaceae, class Gammaproteobacteria) for groundwater samples. OTU13 
(Pseudarcicella, class Bacteroidia) was exclusively found in river samples. Microbial 
community composition in brackish water (PW3, PW4, PW5, PW7) consisted of a mix 
between freshwater and marine taxa. In the brackish pore water samples, the most enriched 
taxa were OTU4 (Flavobacterium, class Bacteroidia), OTU19 (Burkholderiaceae, class 
Gammaproteobacteria), OTU21 (Marivivens, class Alphaproteobacteria), OTU30 
(Acidovorax, class Gammaproteobacteria), and OTU40 (Candidatus Aquiluna, class 
Actinobacteria). OTUs related to Burkholderiaceae were consistently dominant in all fresh 
and brackish samples; hence their locations are closer to the origin of the ordination space. 
For example, the relative proportion of this taxon varied in the range of 1-6%, 19-24%, and 8-
15% in the groundwater, river, and brackish pore water samples, respectively.  
Two outlier samples were identified as PW8 and SPM2; both had combination of freshwater 
and marine taxa. In PW8, a majority of its sequences (26%) were identified as OTU45 
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(uncultured OTU from family 0319-6G20, order Oligoflexales, class Deltaproteobacteria). The 
rest of the dominant taxa at this sampling point were identified as cyanobacterium 
Cyanobium sp. PCC6307 and freshwater Burkholderiaceae or Limnohabitans. SPM2 was 
distinguished from other samples by a high proportion of OTU8 (Anaerolineaceae, class 
Anaerolineae), which was exclusively found in this sample. Others prevalent taxa consisted 
of genera Porphyrobacter (class Alphaproteobacteria), Chryseobacterium (class 
Bacteroidia), Acinetobacter (class Gammaproteobacteria), Aeromonas (class 
Gammaproteobacteria), Lutispora (class Clostridia), Curvibacter (class 
Gammaproteobacteria), Opitutus (class Verrumicrobiaceae), and Candidatus Nitrosotenuis 
(class Thaumarchaeota). Candidatus Nitrosotenuis was the only archaeal taxon identified 
with more than 1% proportions across all samples. Generally, Archaea had almost zero 
presence in groundwater and river samples, while they maintained < 1% of total proportion in 
SGD and seawater samples.  
Saline pore water, seepage meter and seawater samples were distinguished by the 
prevalence of obligate marine bacteria. PW1 and PW2 were characterized by 
Marinobacterium (OTU15, class Gammaproteobacteria), while Synechococcus sp. CC9902 
(OTU6, OTU75, OTU83, class Oxyphotobacteria) had the highest proportion in all seepage 
meter (except SPM2) and seawater samples, followed by Halomonas (OTU90, class 
Gammaproteobacteria). The three Synechococcus sp. CC9902 OTUs were further identified 
as the OTUs with the highest correlation with salinity. Synechococcus sp. CC9902 made up 
the highest relative proportion of seawater samples (between 11-29%) and seepage meter 
samples (except for SPM2, between 4-35%), but low relative proportion in saline pore water 
samples (0-2%).  
Fecal indicator or potential pathogens along the SGD pathway  
Figure 4-6 shows the distribution of potential fecal/enteric and pathogenic genera across all 
samples. Their relative sequence proportions were variable, from less than 1% and up to 
10%. More diverse fecal indicator or potential pathogenic taxa were present in the river 
samples than others. The dominant genera found in groundwater were Bacteroides, 
Staphylococcus, Leptospira, Legionella, Coxiella, and Kerstersia. Genera belong to the water 
quality indicator, Enterobacteriaceae, were found in GW4, R1, R2, PW3, PW6, PW7, SPM3, 
and SPM6. Prevotella was the most ubiquitous fecal/enteric genus found in the river, while 




Figure 4-6. Relative sequence proportion of fecal indicator and potential pathogens. Genera with asterisks 
indicate not all members of these genera are human pathogenic 
Discussions  
Changes in microbial community composition at the land-ocean interface   
In this particular transect of Awur Beach, a parallel microbiological and time series SGD 
study was conducted at the same time. The SGD quantification concluded that total SGD flux 
in this area was approximately 52 cm d-1 and 40% fraction of total SGD was composed of 
fresh groundwater (Adyasari et al., 2019). At the same time, microbial community 
compositions measured across the SGD transect corresponded primarily with salinity and 
temperature. Low temperature and salinity were associated with groundwater and river 
samples, as was the composition of taxa linked exclusively to a freshwater environment, e.g. 
Limnohabitans and Sediminibacterium (Hahn et al., 2010; Qu and Yuan, 2008). Salinity as 
the primary factor controlling the microbial distribution has also been observed in any other 
coastal or estuarine areas (Fortunato and Crump, 2011; Herlemann et al., 2011), while 
temperature is often used as a tracer for SGD (Johnson et al., 2008; Mallast et al., 2013; 
Mulligan and Charette, 2006; Oehler et al., 2018) as groundwater temperature often varies 
from seawater.  
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In this transect, brackish pore water samples (PW3, PW4, PW5, PW7, PW8) which were 
sampled across the beach profile and represented the intermediate zone between fresh and 
saline environment, contained both freshwater (e.g. Burkholderiaceae, Candidatus Aquiluna, 
Acidovorax, Limnohabitans) and marine taxa (e.g. 0319-6G20 of Oligoflexales, Marivivens) 
(Hahn, 2009; Park et al., 2016; Rosenberg et al., 2014c). Some of the freshwater bacteria at 
these pore water samples were also found in the terrestrial dug wells; thus, the microbial 
composition in these sampling points may reflect a mixture of seawater recirculation from the 
marine-side and fresh shallow groundwater that flows from the hinterland to ocean side 
during the low tide event (Figure 4-7). This result was in accordance with the SGD process 
described in Adyasari et al. (2019).  
 
Figure 4-7. Coastal hydrological processes along SGD transect based on microbial community 
composition and salinity. Groundwater and river samples were not included due to the majority of their 
microbial communities consisting of freshwater taxa 
In this site, groundwater samples were also associated with high nutrient concentration. A 
previous study suggested that high levels of nutrient in Jepara’s aquifer system were caused 
by anthropogenic activities (i.e. agro-livestock and inadequate sewerage system), and SGD 
delivered terrestrial dissolved inorganic nutrient (DIN, includes NO3, NO2, and NH4) in Awur 
Beach (Adyasari et al., 2018; Adyasari et al., 2019). If the nutrient concentrations in this 
transect are plotted against salinity along a theoretical conservative mixing line, it shows a 
deviation of NO3 and NH4 from the mixing line (Figure 4-8). This suggests there is an 
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additional uptake of NO3 and NH4 in the intermediate salinity, i.e. in the pore water, in 






Figure 4-8. NO3 and NH4 concentration (μM) plotted against salinity. The black line indicates the 
theoretical conservative mixing between fresh groundwater and seawater 
Nitrogen fate and transformation within an SGD pathway is a biochemically complex process 
which may include nitrification, denitrification, or both (Erler et al., 2014; Hays and Ullman, 
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2007; Slomp and Van Cappellen, 2004). In this site, the dominant taxa in the groundwater 
and brackish pore water samples (e.g. Burkholderiaceae, Limnohabitans, Flavobacterium, 
Novosphingobium, Acidovorax, and Sediminibacterium) consisted of species with both 
denitrifying and nitrifying genes isolated from natural water systems (Altmann et al., 2003; 
Fitzgerald et al., 2015; Heylen et al., 2006; Hiraishi and Khan, 2003; Huang et al., 2015; 
Nalcaci et al., 2011; Pichinoty et al., 1976; Shapleigh, 2013; Simek et al., 2010; Zeng et al., 
2012). In favorable nutrient and oxygen conditions, the methanotrophic taxa found in the 
groundwater samples (e.g. Methylomonas and Methylococcus) are also known to be capable 
of implementing ammonium oxidation and denitrification (Hanson and Hanson, 1996; 
Nyerges et al., 2010). This is due to the similar homology of its key enzyme, methane 
monooxygenase (MMO) with the ammonia monooxygenase (AMO), a key feature in the 
ammonia oxidizing bacteria (Holmes et al., 1995; Stein and Klotz, 2011). The occurrence of 
the above genera suggested a possibility of biological transformation of dissolved nitrogen 
along the land-water interface, resulting in decrease of their concentrations at the saline 
samples relative to their groundwater concentrations. However, a further study related to the 
functional genes (e.g. nirK or nirS) is needed to confirm these particular bacteria play 
nitrogen biotransformation roles in this site. 
SPM2 was one of the outliers in this SGD transect. The key characteristics of the consortium 
in this sampling point was a mix of anaerobic fermentative genera (Opitutus, Lutispora, 
Anaerolineaceae) (Chin et al., 2001; Shiratori et al., 2008; Yamada et al., 2006), with aerobic 
cosmopolitan aquatic taxa (Chryseobacterium, Acinetobacter, Aeromonas) (Chen et al., 
2015; Rosenberg et al., 2014c), and predominantly freshwater bacteria (e.g. Porphyrobacter, 
Curvibacter, Candidatus Nitrosotenuis) (Chen et al., 2015; Ding and Yokota, 2004; Fuerst et 
al., 1993). However, the major freshwater taxa of SPM2 were not found in any of the shallow 
groundwater or brackish pore water samples. One possible reason of this sample being 
outlier was that water sampled from SPM2 might represent either autochthonous 
source/indigenous community or allochthonous source, e.g. discharging deep terrestrial 
groundwater which mixes with oxic saline surface groundwater in an offshore groundwater 
seepage zone (Robinson et al., 2007). Likewise, freshwater taxa might be transported to this 
location in the sediment during a previous freshening event (e.g. from terrestrial groundwater 
during the previous low tide) (Seidel et al., 2015), while during high tide seawater 
recirculation transported the marine taxa into the seepage meter. This may explain the high 
salinity of 31 measured at the SPM2 water during the sampling time, i.e. at the early high 
tide.  
In the saline samples, the prevalence of obligate marine bacteria in PW1, PW2, PW6, and 
PW8 may represent tidally or wave-driven seawater recirculation in an upper saline plume 
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close to the shore (Li and Barry, 2000; Robinson et al., 2007). One of the outlier samples, 
PW8, also dominated by marine taxa, which suggested that similar process occurred in this 
sampling point. The similarity between microbial compositions of seawater samples and 
seepage meter samples was also most likely due to seawater recirculation and indicative of 
the dominance of saline SGD in the more offshore location (Figure 4-7). Seawater might be 
driven into seepage meter samples SPM3, SPM4, SPM5, and SPM6 by pore water 
advection (Huettel et al., 2003). Synechococcus sp. CC9902, the primary taxon identified 
from these seepage meter samples, is a photosynthetic picoplankton (Kim et al., 2018). 
Thus, their prevalence in the seepage meters suggested shallow recirculation process that 
transport predominantly surface, light-requiring bacteria through the upper layer sediments 
into the seepage meters. This cyanobacterial taxon is particularly often found in  high 
nutrient, warm marine water (Agawin et al., 2003; Kim et al., 2018).   
Previous local studies in the area pointed of eutrophication signal in the Jepara coastal area 
as recent as 2018 (Maslukah et al., 2018; Maslukah et al., 2019). In this study, taxa related 
to eutrophication were found, e.g. AEGEAN-169 (order Rhodosipirillales), NS5 (order 
Flavobacteriales), OM43 clade (order Betaproteobacteriales), OM60 (NOR5) clade (order 
Cellvibrionales), SAR116 clade (order Puniceispirillales), SAR86 clade (order SAR86 clade), 
Tenacibaculum (order Flavobacteriales), and Ulvibacter (order Flavobacteriales) (Teeling et 
al., 2016; Yang et al., 2015). Rhodospirillales and Flavobacteriales are commonly associated 
with marine phytoplankton blooms (Liu et al., 2011), while OM43 clade was known to feed 
algae compounds (Halsey et al., 2012). However, their relative proportion was less than 6% 
in the seawater samples; thus, they might be insignificant compared to other marine bacteria, 
and further macroalgal studies are needed to determine the eutrophication status in this 
coastal area.  
Furthermore, other factors may influence the distribution of microbial taxa in an active 
environment such as the land-ocean interface, e.g. organic carbon content, sediment grain 
size, or coastal regime (upwelling vs downwelling) (Herfort et al., 2017; Nelson et al., 2015). 
Change of microbial composition due to seasonal or tidal cycles have been observed 
elsewhere (Grossart et al., 2004; Lee et al., 2017; Yeo et al., 2013), and further temporal 
observation in this area is needed to explain the microbial community composition as a 
function of tidal phase. 
Potential biological contamination at SGD transect 
In Awur Beach, 28 fecal taxa and 3 genera of potential pathogens were found in the SGD 
compartments. Even though the relative sequence proportion of these taxa was less than 
10%, many of the identified were all connected to pathogenic parasites causing human 
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illnesses. For example, diarrhea from Shigella-Escherichia, Klebsiella, or Vibrio (Oyofo et al., 
2002), pneumonia from Legionella, Klebsiella, or Staphylococcus (Fields et al., 2002; Garb et 
al., 1978), tuberculosis and leprosy from Mycobacterium (Rosenberg et al., 2014b), Q fever 
from Coxiella (Porter et al., 2011), leptospirosis from Leptospira (Evangelista and Coburn, 
2010), and bacteremia and sepsis from Kerstersia (Pence et al., 2013) . Some of these 
illnesses were recorded in Jepara’s statistical health analysis, e.g. in 2017, there were 
20671, 3819, 1293, and 795 cases of diarrhea, pneumonia, tuberculosis, and leprosy, 
respectively (Jepara Bureau of Statistics, 2017). Legionella and Mycobacterium were found 
in groundwater, pore water, and seepage meter samples, while Staphylococcus and Vibrio 
were identified in both fresh and saline water samples. Depending on the species, Vibrio is 
often found in warm waters and can tolerate both high and low salinity (Oliver et al., 2013). 
The cholera carrying genes species (e.g. V. cholerae and V. mimicus) are ubiquitous in both 
fresh and saline water environment (Esteves et al., 2015). The marine pathogenic species 
(e.g. V. parahaemolyticus and V. alginolyticus) are one of the common cause of foodborne 
illnesses to human and commonly isolated together from seafood or aquaculture products in 
other part of northern Java (Alfiansah et al., 2018; Dewanti-Hariyadi et al., 2005; Molitoris et 
al., 1985; Sarjito et al., 2009; Su and Liu, 2007; Wong et al., 2000).  
In river samples, OTUs from genera containing fecal indicator Enterobacteriaceae were 
identified; thus, it was in accordance with coliform local studies in the same area (Atmojo, 
2004; Suhartono, 2009). These bacteria could originate from overland flow or groundwater, 
since previous studies found significant groundwater discharge into the river in this study site 
(Adyasari et al., 2018). Moreover, some of the anaerobic genera (e.g. Alloprevotella, 
Klebsiella, Prevotella 2 and 7, Dialister, Succinivibrio) were detected exclusively in the river 
but not in groundwater samples.  Considering the river is a well oxygenated environment, this 
indicated recent contamination from surface runoff or direct wastewater discharge from 
residential areas into the river. Succinivibrio is a strictly rumen bacteria (Hespell, 1992); 
hence, their occurrence also pointed to contribution of overland flow from the livestock area.   
The occurrence of enteric/fecal indicator across the brackish and saline samples was 
unexpected, due to the non-halophilic characteristics of most of these bacteria, as their 
natural habitat is human or animal intestines (Neger, 2002). However, some of the enteric 
bacteria may have developed halophilization capabilities, and many strains could also 
survive in saline water for a limited period of time, e.g. up to 80 days (Davies et al., 1995; 
How et al., 2013; Rozen and Belkin, 2001). These include some genera that were also 
detected in this study, i.e. Escherichia and other Enterobacteriaceae. The bacteria at this 
particular transect could originate from either terrestrial groundwater seepage or surface 
runoff, since this site was not affected by river input (Adyasari et al., 2019). Boehm et al. 
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(2004) further concluded that fecal bacteria might not significantly be filtered by sand in a 
coastal zone. Sand size may also affect the dispersion of fecal pollution by SGD, as coarser 
sand contributes to increased SGD flux and less time for fecal bacteria to attach to the grains 
as they flow through the system (Brown and Boehm, 2016).  
Fecal pollution via water bodies is a major concern in Southeast Asia, and it is mainly related 
to hydrology (e.g. higher dilution effect in the wet season) and land use, i.e. shortage of clean 
water supply, non-adequate sanitation system, and lack of vegetation cover (Rochelle-Newall 
et al., 2015; Rochelle-Newall et al., 2016). Although pathogenicity genes were not measured 
in our study, in general we observed a connection between the observed genera with 
waterborne illnesses present in the community. For example, even though genus Vibrio also 
covers many non-pathogenic species, the high cases of identification of pathogenic Vibrio in 
the surrounding area, in addition to the number bacteria-related diseases in this city, might 
prove that microbial monitoring should be considered as regular implementation in this area. 
In Jepara, vaccinations related to bacterial illnesses have been performed, e.g. BCG 
vaccination for tuberculosis disease, however the numbers of waterborne illnesses are still 
prevalent in the past three years (Jepara Bureau of Statistics, 2015; Jepara Bureau of 
Statistics, 2016; Jepara Bureau of Statistics, 2017); thus, higher effort for development of 
clean water and sanitation infrastructure should also be implemented.  
Conclusions 
Microbial community compositions were investigated alongside the environmental variables 
in an SGD site in Indonesia. Salinity and temperature were the primary factors in determining 
the microbial dynamics across the land-ocean interface among observed parameters. 
Microbial community structures showed indication of freshwater influence in the beach pore 
water and marine influence at the seepage meter stations. The detection of enteric, fecal, 
and potential pathogenic taxa along the SGD transects suggests SGD as one of the potential 
delivery pathways of bacterial contamination from land to ocean. These findings may serve 
as preliminary data to previously nonexistent studies related to microbial SGD studies in 
Southeast Asia or other SGD hotspot in the developing tropical region, as well as provide 
insight on land-ocean biological contamination processes potentially occuring in other urban 
coasts with little-developed sanitation systems. In general, we see that microbial analysis can 
depict coastal hydrological processes and water contamination level; thus, it can be used as 
an advanced tool for coastal policy makers in formulating water management strategies in 
the coastal area. 
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Extended discussion (not included in the manuscript) 
This manuscript investigated microbial community composition in an SGD transect in Awur 
Beach, Indonesia. Figure 4-6 shows the potential fecal and pathogenic taxa in the 
groundwater of this transect, in which their sequence proportion comprised 2% of the total 
proportion. However, if other groundwater samples in the area are included in this analysis, 
the proportion increases to 20% (Figure 4-9). Based on this graph, two of the most dominant 
taxa in these additional samples were Prevotella and Bacteroides, both of which are 
characterized as biomarkers for a gut microbiome (Gorvitovskaia et al., 2016). One of the 
samples with a high proportion of potential fecal indicators and pathogens was GW6, which 
was located 20 m from Wiso River in Sekumbu Bay. Since it has been concluded in Chapter 
2 that there was significant fresh groundwater discharge in this particular location, it is 
suggested that the potential fecal matter and pathogens from this well might be delivered to 
the estuary by SGD, in addition to overland flow and direct wastewater discharge from 
residential areas. The other sampling point with a high proportion of fecal indicators and 
potential pathogens was GW10, which was located 60 m onshore from the coastline of 
Bandengan Beach. However, SGD measurement in this location indicated that terrestrial 
groundwater discharge via the coastline was low; thus, the fecal indicators and potential 
pathogens might not reach the coastal water. Nevertheless, the high sequence proportion 
itself is still a concern for the local regulator, particularly due to potential health impacts to 




Figure 4-9. Potential fecal and pathogenic taxa in groundwater samples outside the SGD transect of Awur 
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This chapter has been published as: T. Oehler, E. Eiche, D. Putra, D. Adyasari, U. Mallast, 
N. Moosdorf. 2018. Seasonal variability of land-ocean groundwater nutrient fluxes from a 
tropical karstic region (southern Java, Indonesia). Journal of Hydrology, 565: 662-671. DOI: 
10.1016/j.jhydrol.2018.08.077. 
Abstract 
In tropical karstic regions, knowledge about the timing and quantity of land–ocean 
groundwater nutrient fluxes is important, as these nutrients may affect sensitive coastal 
ecosystems, such as coral reefs. A high permeability of karst aquifers, combined with high 
discharge during heavy rain events, lead to close connectivity between groundwater in the 
hinterland and the coastal zone. Alterations between dry and wet periods can lead to 
temporal variability in groundwater discharge volume and its associated nutrient fluxes. We 
studied the seasonal variability of land–ocean groundwater nutrient fluxes in the tropical 
karstic region of Gunung Kidul (southern Java, Indonesia) from November 2015 to December 
2016. Satellite thermal infrared imagery revealed two major areas of direct submarine and 
coastal groundwater discharge. Nutrient fluxes were estimated at the largest coastal spring 
using a discharge dataset from a subsurface river dam and a monthly record of nutrient 
concentrations sampled from the spring. Nitrate fluxes ranged from 6 × 106 – 245 × 106 mol d-
1, dissolved silicon fluxes from 58 × 106 – 546 × 106 mol d-1, and phosphate fluxes from 17 × 
103 –1571 × 103 mol d-1. Nutrient fluxes are mostly controlled by discharge and show a high 
variability through time. Extraordinarily high nitrate and phosphate fluxes were observed after 
a period of constant and heavy rain. Most likely, a nutrient pool in the topsoil in the hinterland 
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from untreated sewage or fertilizer is flushed during rain events through the aquifer to the 
coast. In tropical karstic regions, sudden inputs of large amounts of nutrients via groundwater 
discharge may affect coastal ecosystems, such as coral reefs, making them especially 
vulnerable during high discharge events. 
Study sites and methodology 
This study was implemented in the Wonosari-Bribin-Baron hydrological system of southern 
Java, Indonesia, to investigate the seasonal behavior of groundwater nutrient fluxes to the 
ocean in the tropical karstic region. This area is dominated by subsurface discharge and 
consists of an underground complex network of caves and conduits. Perennial rivers are 
absent in the coastal area and scarce in the whole region due to high karst permeability. 
Baron Beach in the coastal area is connected to the Wonosari-Bribin Sindon-Baron aquifer 
system in the hinterland. Discharge measured at the Bribin Sindon subsurface river dam 
located 25 km upstream reaches Pantai Baron with a travel time of 14 days during the dry 
season and 4 days during the wet season (Macdonald and Partners, 1984). Discharge rates 
have been measured continuously every 10 minutes at the Bribin Sindon dam since 2010, 
and discharge varies between < 1 m3 s-1 in the dry season and up to 12 m3 s-1 in the wet 
season (Oberle et al., 2016). During the dry season, a diffuse matrix flow is dominant and 
ensures a year-round flow of water. During the wet season, the matrix flow is regularly 
overprinted by the piston flow, and recharge occurs dominantly through larger cracks and 
sinkholes (Eiche et al., 2016). 
Groundwater discharge toward and into the ocean was investigated based on precipitation 
data, discharge measured at the Bribin Sindon subsurface river dam, remote sensing, and 
the physio-chemistry (electrical conductivity and temperature) of groundwater and coastal 
water. Hydrochemical samples were obtained from three subsurface rivers in the hinterland 
and from two coastal springs (Baron Beach and Ngrumput Beach). 
Main findings from the result and discussion 
Seasonal variability of groundwater discharge and its associated flux were studied between 
the dry and wet seasons from October 2015 until December 2016. A seasonal trend 
influenced by the ENSO (El Niño Southern Oscillation) in the year 2015/2016 was observed 
in rainfall and groundwater discharge data (Figure 5-1). Some of the peaks in discharge data 
were observed after high rainfall events, e.g., high precipitation rates during the middle of 
April 2016 were followed by an increase in discharge rates at Bribin Sindon. A period with 
low precipitation and discharge rates was observed from the end of April 2016 until the end 
of July 2016, which was followed by a sudden but then constant increase in discharge until 
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October 2016. At the end of November 2016, discharge rates increased from 3.0 m3 s-1 to 8.0 
m3 s-1 and then further increased by the beginning of December to 16.1 m3 s-1. Generally, 
discharge data were in the range of 1-20 m3 s-1 or were equivalent to 1-18 × 105 m3 d-1. 
 
 
Figure 5-1. Time series of precipitation (blue bars) and discharge data monitored at Bribin Sindon 
subsurface dam (grey line) 
 
The temporal variability of groundwater nutrient concentrations and discharge led to the 
temporal variability of groundwater nutrient fluxes (Figure 5-2). High nitrate concentrations 
coupled with high groundwater discharge rates led to high fluxes in the 2015/2016 wet 
season, with 63–74 × 106 mol d-1 and 94–129 × 106 mol d-1 in November 2015 and April 
2016, respectively. At the beginning of the dry season, a lower discharge and lower nitrate 
concentrations led to lower nitrate fluxes (e.g., 7–11 × 106 mol d-1 on the 24th of May 2016). 
During the dry season, a peak discharge event on the 21st of June 2016 did not lead to 
elevated nitrate fluxes due to low nitrate concentrations. In August 2016, the increase in 
groundwater discharge and nitrate concentrations led to a high nitrate flux of 111–123 × 106 
mol d-1, while the highest nitrate flux of 133–245 × 106 mol d-1 was observed in December 
2016 after a period of heavy rain. During this time, a high phosphate flux of 852–1571 × 103 
mol d-1 was observed as well. DSi fluxes were higher during the wet season when compared 
to the dry season, but temporal variability was not as pronounced as nitrate fluxes. The 
transport of colloidal material in the karstic area during the wet season was also indicated by 
a brownish water color during flash floods and can often be observed in the area after heavy 





Figure 5-2. Minimum and maximum nutrient fluxes from Pantai Baron. The minimum flux is indicated by 
the shaded bar, the maximum flux by the upper end of each respective bar chart. Blue arrow represents 
times of piston flow conditions 
 
High nutrient concentrations and flux possibly came from anthropogenic activities in the 
region. In Gunung Kidul, major crops such as rice, corn, and soy are mainly fertilized during 
the wet season, from October until March, when water availability is high (Katam, 2017). In 
general, three different types of fertilizer are used in the area of Gunung Kidul, including 
urea, SP 36, and potassium chloride. Urea contains large amounts of nitrogen in the form of 
ammonium, which might be oxidized to nitrate in oxic groundwater within both the aquifer 
and the soil (Heckmann, 2011). Furthermore, large amounts of nutrients and contaminants 
may reach the subsurface aquifer system via direct infiltration and via sinkholes from 
sewage, due to a lack of wastewater treatment in the area (Heckmann, 2011; Nayono et al., 
2016). In Gunung Kidul, about 21% of the population (total population of 722,500 inhabitants) 
do not have access to wastewater treatment facilities (Gunungkidul Bureau of Statistics, 
2017). Septic tanks often leak, and sewage is often spilled uncontrolled into the environment 
(Heckmann, 2011; Nayono et al., 2016). During the dry season, nutrient fluxes are, besides 
groundwater discharge, also controlled by nutrient concentrations in the aquifer. Low nitrate 
fluxes, such as during the flood recession period from April to July 2016, may be attributed to 
a temporally depleted nitrate pool in the hinterland after the wet season (e.g., due to leaching 
of nitrate from the soil and sinkholes during the wet season). The peak discharge event on 
the 21st of June 2016 (Figure 5-2) did not lead to elevated nitrate fluxes due to low 









discharge after an extended dry period in July, during which time a nutrient pool in the 
hinterland may have been built up. 
In general, coastal managers and ecosystem studies should consider that during the wet 
season, nutrient fluxes will in general be high due to high groundwater discharge coupled 
with a nutrient source in the hinterland; while during the dry season, occasional events may 
occur during which nutrient fluxes can be temporarily high.  
Extended discussion (not included in the paper) 
The low residence time in this karstic system was also supported by microbial community 
composition analysis, in which low dissimilarity was observed in microbial community 
composition between the groundwater samples collected from the hinterland and 
underground river samples obtained close to the beach (Bray Curtis dissimilarity = 0.4, 
Figure 5-3). Compared to the Bray-Curtis test applied to the SGD site in Jepara, where the 
microbial communities were rather heterogeneous between fresh groundwater and coastal 
pore water/seepage meter samples (Bray Curtis dissimilarity > 0.8, Figure 4-2), the low Bray-
Curtis distance in this system means that the microbial community did not change 
significantly between the origin of SGD in the hinterland and its discharge in the coastal area, 
which was due to rapid transport time and piston flow during the wet season.  
 
Figure 5-3. Bray-Curtis dissimilarity of SGD samples in the karstic region of Southern Java. Dissimilarity 
close to 0 means low dissimilarity. Gp1-2 are groundwater samples from Goa Pindul, while Ba1-4 are 




































6 General Discussions and Conclusions 
 
In the following sections, findings from each chapter are compared and discussed in regard 
to the research questions. Extended discussions related to sustainable coastal water 
management at the study site are given based on the results from each chapter. Concluding 
remarks summarize the results based on the main objective of this thesis.   
SGD comparison between northern Java (Jepara) and southern Java (Gunung Kidul) 
SGD in two study sites with different geological features are discussed in this thesis. SGD in 
sedimentary volcanoclastic northern Java (Jepara) is explored in Chapters 2, 3, and 4; while 
SGD from karstic southern Java (Gunung Kidul) is analyzed in Chapter 5. In this subsection, 
the distinct characteristics between the two sites are compared.  
SGD from karstic areas tends to be the major groundwater pathway to the ocean due to 
underground structures of fractures and conduits, which can rapidly transfer infiltrated water 
into the sea. Thus, SGD from Gunung Kidul expectedly discharged at higher rates than in 
porous areas like Jepara. The Gunung Kidul study resulted in an SGD flux up to 1.3 x 106 m3 
d-1 (Chapter 5, Oehler et al. (2018)), which was one magnitude higher than the extrapolation 
of the total SGD in Jepara (fresh groundwater and recirculated seawater) and two 
magnitudes higher than fresh SGD (Chapter 3). This also applied to the nutrient fluxes, as 
the low residence time in the subsurface river allowed rapid transport of anthropogenic 
contaminants disposed of in the hinterland into the ocean. The Gunung Kidul study 
measured nutrient fluxes of 133–245 × 106 mol d-1 and 852–1571 x 103 mol d-1 for NO3 and 
PO4 during the 2016 wet season, respectively. These fluxes covered a 6-km distance 
between the two coastal springs, leading to normalized nutrient fluxes of 22–40 × 106 mol d-1 
km-1 for NO3 and 142–260 × 106 mol d-1 km-1 for PO4. The numbers were four to five 
magnitudes higher than fresh SGD nutrient flux extrapolation in Jepara, even though the two 
locations have similar length of coastline.  
The rapid transport of land-derived contaminants was supported by the microbial analysis 
conducted in the groundwater and subsurface river of Gunung Kidul, which showed low 
dissimilarity between these two types of samples (Figure 5-3). Figure 6-1 displays a 
comparison of microbial community composition from Jepara and Gunung Kidul. It illustrates 
that all samples from Gunung Kidul are located close to each other compared to Jepara’s 
samples, which are scattered in the ordination. This indicates that the Gunung Kidul samples 
have higher homogeneity of microbial community composition relative to Jepara’s samples. 
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Gunung Kidul’s microbial samples are characterized as positively associated with nutrients 
(particularly NO3 and NH4) and negatively associated with salinity, temperature, and DO.  
 
Figure 6-1. NMDS plot between microbial samples from Jepara ang Gunung Kidul. SGD samples include 





Figure 6-2. Comparison of Hill numbers of microbial samples in Jepara and Gunung Kidul. Hill0 = species 
number, Hill1= Shannon index, Hill2 = inverse Simpson index 
Interestingly, even though the Gunung Kidul samples have low dissimilarity between each 
other, they possess higher diversity than the Jepara samples (Figure 6-2). This figure 
suggests that the Gunung Kidul samples have a higher number of different species in each 
sample (Hill0), a more even distribution of the microbial community in each sample (Hill1), and 
a higher relative proportion of abundant species (Hill2) in comparison to the Jepara samples. 
This is most likely due to the wider size of the catchment area in Gunung Kidul than in 
Jepara, as well as to the short transport times and less porous pathway between land and 
ocean in Gunung Kidul. 
Based on the comparison between these two locations in northern and southern Java, it can 
be seen that SGD has high spatial variability, both in physiochemical and biological aspects. 
Several studies employed different methods at the same time to produce representative SGD 
rates, e.g., a combination of geochemical tracers, such as radon and radium (Swarzenski et 
al., 2007), or a combination of tracers and manual measurements, such as seepage meters 
(Mwashote et al., 2013; Povinec et al., 2012). In the Jepara study, the use of 222Rn as a 
groundwater tracer was found to be effective due to the distinct difference between its 
concentration in the groundwater and in surface water. For example, 222Rn activities in 
groundwater amounted from 1010 Bq m-3 to 16,730 Bq m-3 for dug wells, and up to 109,000 
Bq m-3 for deep wells. Meanwhile, similar measurements in the river and coastal water 
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produced a 222Rn range of 100–4400 Bq m-3 and 40–800 Bq m-3, respectively. As the SGD in 
this study was assumed to originate from a shallow aquifer, enrichment of one to two 
magnitudes between groundwater and surface water confirmed that 222Rn was a suitable 
tracer for this location.  
During the microbial sampling in Jepara, seepage meters, which were employed to collect 
microbial water samples, also gave an indication of both fresh and saline groundwater 
discharge. However, water collection from the seepage meters indicates that the manual 
measurement result was two times lower than that determined by using 222Rn. The average 
SGD in Awur Bay determined by 222Rn was 37 cm d-1, while the seepage meter discharge 
measurements were on average 13 cm d-1. The difference of results between the manual 
technique and the tracer calculation at a given time and location was observed elsewhere 
(Burnett and Dulaiova, 2003; Mwashote et al., 2013; Nakajima et al., 2018). This was mainly 
due to the limitation of the seepage meter itself, i.e., its small-scale variability. The main 
uncertainty in the SGD estimation with the 222Rn method was the determination of the 
groundwater 222Rn end member, which is discussed in Chapter 3. 
The high variability of SGD demonstrated at two different sites in Indonesia complicates 
extrapolation to the regional scale. Alternatively, global SGD studies usually employ indirect 
estimation, e.g., modelling based on radium for SGD quantification (Cho et al., 2018; Kwon 
et al., 2014; Moore et al., 2008).  
Urban SGD and sustainable coastal water management  
In a global context, specific regulations related to SGD are still rare. In the United States, 
most regional regulations have not integrated SGD aspects, even though the US scientific 
community has studied groundwater–coastal water interaction for over a century (McCoy and 
Corbett, 2009). IOC-UNESCO has published an SGD guide for coastal managers, which 
includes controlling land use and pollution sites and applying in situ remediation technology 
across the groundwater system (UNESCO, 2004). The latter has been applied in Australia by 
the Land and Water Division of Australia's Commonwealth Scientific and Industrial Research 
Organization (CSIRO).  
Indonesian coastal regions are home to almost 60% of the total Indonesian population, and 
this number is projected to grow in the future due to the increasing contribution of marine-
based activities to the national economy (Purwaka, 2002). Its coastal ecosystem also 
contains rich biodiversity; for example, Indonesian mangrove forests account for 76% of the 
total mangroves in Southeast Asia; in addition, Indonesia has a 75,000-km2 coral reef 
ecosystem, which is distributed throughout the archipelago (Tomascik, 1997). Unfortunately, 
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many of these coastal ecosystems have now been lost or damaged (Hutomo and Moosa, 
2005). The growth in the coastal population and economic activities has not been 
accompanied by proper environmental infrastructures and regulations, thus threatening the 
sustainability of the country’s coastal and marine natural resources and habitats.  
Groundwater pollution has been reported in many coastal cities around Indonesia, especially 
pollution related to nutrients, fecal bacteria, heavy metals, pesticides, and organic 
compounds originating from urban activities (e.g., landfills, agro-livestock, sanitary systems) 
(Adji, 2010; Budisatria et al., 2007; Komala et al., 2008; Purnomo, 2013; Rochaddi, 2012; 
Sundra, 2006; Suryono and Rochaddi, 2012). Recent regional studies have also pointed to 
SGD as one of the pollution sources in coastal ecosystems; there have been reports of SGD 
acting as a trigger for coral reef disease (Johan et al., 2017), changing the natural C:N:P 
ration in the marine environment (Chapter 2), or affecting the local mangrove, seagrass, and 
algae habitats (Macklin et al., 2018; Oehler et al., 2018).  
As in the other parts of the world, SGD has not been integrated into any Indonesian 
environmental regulations. This has been due to, but not limited to, the complicated nature of 
SGD-associated fluxes themselves. Such fluxes are spatially and temporally regulated by 
different components, including local geology, climate, drivers (terrestrial or recirculated), and 
the level of human activities in watersheds (Moore, 2010; Moosdorf et al., 2015; Santos et 
al., 2012). Groundwater and land-use regulation is essential in areas where SGD is primarily 
terrestrial-driven or where it appears as piston flow (i.e., the karstic system), and much less 
so in areas dominated by recirculated seawater. As monitoring and measuring SGD directly 
may prove to be difficult due to a lack of standardized methodology, the most practical SGD 
management approach would be to control potential pollutant input to aquifer systems. In this 
regard, Jepara already has adequate regulations with quite detailed information regarding 
quality standards, monitoring procedures, and even fines for those who violate the laws 
implemented by the national and local government (Table 6-1).  
Based on the current regulations, there are four local agencies responsible for different 
compartments of SGD, i.e., the Environmental Agency (surface water and shallow 
groundwater quality), the Cipta Karya Agency (water and sanitation infrastructures), the Bina 
Marga Agency (deep aquifer quantity and quality), and the Health Agency (fecal 
contamination and water-borne illnesses). Water quality standards for freshwater and 
seawater are all referred to national regulations, which sometimes do not correspond with 
local problems due to different geological and anthropogenic conditions.  
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Table 6-1. Local water regulations related to SGD and coastal ecosystems 
Regulations Contents related to SGD 
Local (city) 
Jepara Law No. 29/2010 about 
Groundwater Management 
Procedures of groundwater quality and quantity 
monitoring, conservation, and restoration 
Jepara Law No. 2/2011 about City 
Planning and Land Use 2011-2031 
Plan of new social and economic infrastructures, 
wastewater treatment plants, and landfills that 
will be built in the future 
Jepara Law No. 17/2010 about Local 
Governmental Agencies in Jepara 
Functions and responsibilities of the Cipta Karya 
Agency, the Bina Marga Agency, and the Health 
Agency  
Jepara Law No. 18/2010 about Local 
Technical Organizations in Jepara 
Functions and responsibilities of the 
Environmental Agency  
National 
Ministry of Environment Law No. 
51/2004 about Seawater Quality 
Standards and Presidential Law No. 
19/1999 about Coastal Pollution 
Management 
Classification of national seawater quality 
standards for the ports, tourism, and biological 
living purposes 
Presidential Law No. 82/2001 about 
Water Quality Management and 
Pollution Prevention 
Classification of national water quality standards 
for freshwater (surface and groundwater), 
jurisdiction and frequency (minimum once in six 
months) of water quality measurement  
Presidential Law No. 42/2008 about 
Water Resources Management 
Procedures for taking an inventory of 
groundwater conservation and rehabilitation 
zones, infrastructure, and information systems  
 
The number of different agencies also potentially creates new issues, e.g., if there is a lack of 
coordination and cooperation between interconnected agencies. The inefficiency in executing 
and implementing directives is reported to be the main factor preventing effective water 
management in Indonesia, a problem that commonly occurs in other developing nations as 
well (Wieriks, 2011). Existing water-monitoring regulations are poorly implemented, and 
insufficient maintenance of equipment and resources mean the results are likely to be 
dubious (pers. observation). Water councils exist, whose primary purpose is to integrate the 
different departments within one big watershed area; however, their roles are sometimes 
disputed and even trivial, as most water-related decisions are made by individual 
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departments (Wieriks, 2011). Based on these observations, one suggestion would be to map 
the water policy network in a more transparent way in order to increase the efficiency of the 
established departments. The size of the network should also be defined by the urban/rural 
development level and the total population to create more productive results. 
From a land-use perspective, the leading causes of high nutrient concentrations in Jepara’s 
coastal aquifer are sewage, manure, and agriculture, with a small contribution from 
aquaculture. In addition to controlling potential pollutant input to aquifer, another suggested 
approach to minimize fluxes of terrestrial nutrients is to construct wetlands of riparian zones 
in the riverbank. This is, however, not included in this zonation plan. The in situ remediation 
technology applied in SGD cases in Australia, which includes constructing a bio-treatment 
aquifer wall system, delivering oxygen, and inducing bacterial nitrogen transformation in the 
aquifer system (UNESCO, 2004), would not be effective in Jepara due to a lack of installed 
groundwater inspection wells. However, a bill regulating city planning and land zonation in 
Jepara for the years 2010–2030 has already established the construction of a centralized 
sewage system and a sanitary landfill (Jepara Regional Planning Agency, 2011). This is an 
essential addition to the city’s sanitary system considering the occurrence of fecal indicators 
and possibly pathogenic bacteria found in the SGD samples. 
From the ocean perspective, nutrient fluxes via SGD may be regulated by incorporating SGD 
into the official monitoring of coastal nutrient budgets, especially in areas where SGD is 
contributing a high percentage of nutrient input to the ocean compared to streams or 
estuaries, which has been reported in some parts of the world (Burnett et al., 2007b; 
Peterson et al., 2010). Furthermore, an ocean perspective is also required for characterizing 
the impact of SGD in the coastal area. Not all SGD-derived nutrient fluxes are negative for 
the receiving water bodies—studies in Japan emphasized that nutrients exported by SGD 
can determine the property of local benthic communities in oligotrophic environments and, to 
a greater extent, can also affect fish species richness and abundance as secondary 
consumers in a given area (Hata et al., 2016; Utsunomiya et al., 2017). One study also 
connected nutrient-rich SGD with higher oyster quality (Hosono et al., 2012). In these cases, 
it is vital to be informed of the circumstances on both land and coastal areas before 
developing strategies for proper SGD management.  
One lesson that can be learned from a neighboring country in Southeast Asia, Thailand, is 
related to the Groundwater Fund, whose endowment comes from fines and fees collected 
from individuals or institutions who break the law, and which is utilized solely for water 
research purposes (Lorphensri, 2013). This initiative has proven to be successful in 
regulating groundwater depletion, groundwater quality deterioration, and land subsidence in 
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Thailand’s capital city, Bangkok. This method could be applied in Indonesia to increase and 
subsequently diversify water-related research, as the government only allocated 
approximately 0.08% of GDP for research and development (World Bank, 2019). In another 
study of water management in a developing region, it was suggested to create a complete 
environmental risk management plan involving agreements between people, industrialists, 
and governments to execute proper environmental action (ArandaCirerol et al., 2011). 
Overall, it was emphasized that sustainable water resource management in tropical 
developing regions should focus on lessening the gap between science, society, the private 
sector, and the government in order to develop and apply effective and efficient 
environmental strategies for coastal ecosystems (Bonell et al., 2005).    
Summary of findings  
Throughout the thesis, SGD characteristics in an urban coastal city have been investigated, 
focusing on their rates and composition, spatial and temporal variability, and driving 
mechanisms to further understand SGD processes in tropical regions. The hypothesis of this 
study is that a favorable geological and climatic background leads to the probability that 
Indonesia is an SGD hotspot. In this thesis, spatial and temporal SGD variability were 
studied using 222Rn as a groundwater tracer in the coastal city of Jepara, Indonesia. First, 
spatial SGD surveys were performed along the Jepara coastline and two of the biggest rivers 
in Jepara. This led to more detailed temporal SGD measurement, which was implemented 
through one tidal cycle at the estuary (Chapter 2) and two beaches, i.e., Awur Beach and 
Bandengan Beach (Chapter 3).  
The results of the 222Rn time series measurement was converted into volumetric discharge 
using formulae described in Burnett and Dulaiova (2003) and Burnett et al. (2010) for beach 
and estuarine measurement, respectively. If these numbers are combined, total groundwater 
discharge in the Jepara coastal area would be 6.6 x 105 m3 d-1. This result includes both 
fresh groundwater and recirculated seawater, due to the natural characteristics of 222Rn. With 
this estimation, the first research question of the thesis, i.e., the rate of urban SGD in a 
tropical coastal city, has been answered.     
To answer research questions related to the composition of urban SGD and its 
environmental and health impacts on current water quality, nutrients and microbial 
communities were measured across the SGD compartments. The results of nutrient 
concentration and its SGD-related fluxes were discussed in Chapters 2 and 3, while the 
results of fecal indicators and potentially pathogenic bacteria were analyzed in Chapter 4. An 
analysis based on land-use data confirmed that the nutrient pool in the coastal hydrological 
system most likely originates from human activities, i.e., agriculture, livestock, and sewage 
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systems. In the nearshore water, nutrient levels exceeded the safe limit for biota based on 
national regulation (Ministry of Environment and Forestry, 2004). The influence of livestock 
and agriculture on the coastal aquifer and surface water was also confirmed by the microbial 
results, with the detection of fecal and gut bacteria usually found in humans and mammals. 
Elevated nutrient concentrations and fecal indicators/potential pathogens were found across 
SGD compartments, confirming the hypothesis that SGD was one of the terrestrial 
contaminant delivery pathways from land to ocean. Furthermore, the fecal indicators and 
potential pathogens identified in the water bodies were associated with reported local 
waterborne illnesses; thus, SGD may exacerbate the current local illness problem.  
Chapters 3 and 4 answered the third research question related to the comparison of SGD-
derived nutrient loading into the ocean with other sources, such as rivers. Table 6-2 
summarizes the contribution and comparison of fresh groundwater fluxes and nutrient 
loadings into the coastal water of Awur Bay. Awur Bay was selected as a comparison 
because the complete SGD and nutrient flux estimation via estuary and coastline was 
completed at this site, while Bandengan Beach does not have river input, and SGD via the 
coastline was not measured in Sekumbu Bay. It was concluded that fresh groundwater and 
nutrient fluxes via direct coastal SGD were consistently lower than groundwater discharge in 
the estuaries or stream discharge. Hence, the containment of land-derived nutrient loading 
on the estuaries of rivers in the area is suggested.  
Table 6-2. Comparison of SGD rates and nutrient fluxes in Awur Bay 
Flux Comparison Percentage 
Flux  Fresh SGD at the coastline (52 x 103 m3 d-1): 
groundwater discharge in the estuary (114 x 103 m3 d-
1) 
45% 
Fresh SGD at the coastline (52 x 103 m3 d-1): total 




Fresh SGD at the coastline (6 x 103 mol d-1 for DIN 
and 1 x 103 mol d-1 of PO4): groundwater discharge in 
the estuary (28 x 103 mol d-1 for DIN and 2 x 103 mol 
d-1 of PO4) 
21% of DIN and 
50% of PO4 
Fresh SGD at the coastline (6 x 103 mol d-1 for DIN 
and 1 x 103 mol d-1 of PO4): total river discharge (26 x 
103 mol d-1 for DIN and 5 x 103 mol d-1 of PO4) 
23% of DIN and 




The occurrence of fresh SGD via the coastline has been confirmed by both hydrochemical 
and microbial parameters, e.g., in Awur Beach, based on 222Rn and salinity fluctuations 
(Chapter 3) and microbial community composition (Chapter 4). Based on the microbial 
analysis, it was found that freshwater bacteria were present in the beach pore water, while 
further measurement offshore using a seepage meter indicated dominant marine bacteria 
and a shallow seawater recirculation process (Figure 4-7). Thus, the result that fresh SGD 
mostly seeped close to the coastline is congruent with the result from the extrapolation 
method used in Chapter 3, where the SGD velocity (cm d-1) was multiplied by the coastline 
length (m) and the transect location of RAD7 (m) to obtain a volumetric discharge of SGD 
(m3 d-1).  
Another objective of this thesis was to identify the potential nutrient biogeochemical 
processes along the SGD pathway. Nutrient transformation along the SGD pathway, from its 
terrestrial anthropogenic origin to the coastal water, was also analyzed through theoretical 
calculation (Chapter 2) and microbial community composition (Chapter 4). The calculation 
suggested a notable amount of nutrient loss in the aquifer during the transport from land to 
ocean (Table 2-3). Generally, DIN concentrations in the coastal water were lower than their 
concentrations inland; however, conservative mixing line calculation (Figure 4-8) suggested 
an additional process regulating DIN loss other than physical dilution. Microbial community 
composition results show that the taxa found in the groundwater and subterranean estuary 
are capable of DIN transformation, e.g., through ammonia oxidation or denitrification. On the 
other hand, PO4 transformation along the SGD pathway was removed predominantly by 
physical adsorption and desorption processes.  
The last research question related to urban SGD and how it may affect existing local water 
management was answered in the previous subsection of this chapter. This subsection 
combined the results from Chapters 2, 3, 4, and 5 to conclude that local water management 
should assess urban SGD from two perspectives. The first is the technical perspective, in 
which terrestrial nitrogen containment on the riverbank and the development of a sewage 
system are important. The second is the regulatory perspective, e.g., creating a more 
efficient water policy network, higher enforcement of environmental directives, and more 
cooperation between science, society, the private sector, and the government. 
Altogether, the hypothesis that Indonesia is an SGD hotspot is valid, as indicated by the 
results from Jepara (Chapters 2 and 3) and Gunung Kidul (Chapter 5). High SGD flux is 
supported by geological and climatic features, i.e., intense precipitation in a volcanic region 
results in a notable amount of terrestrial SGD at the study site. In the area dominated by a 
volcanic aquifer (Awur Beach), higher fresh groundwater discharge was found than in the 
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area with a prevalence of coastal marine sediments (Bandengan Beach). The source of 
nutrients in SGD is predominantly anthropogenic, as shown by the land-use and microbial 
analysis. Furthermore, the dense population was also affirmed to be one factor influencing 
nutrient levels in the coastal hydrological system, as the nutrient flux in this study was higher 
than in the study of another developing region with similar infrastructure capacity but a less 
dense population.         
Nonetheless, several improvements are suggested from this study. For example, an isotopic 
tracer can also be employed to explore the origin of nutrients, especially δ15NNO3- and 
δ18ONO3- for nitrate, in SGD studies (e.g. Haßler et al. (2019). Furthermore, as the general 
microbial community composition at the study site has been investigated with 16s rRNA 
sequencing, a more in-depth method can be used for future studies. The 16s rRNA gene that 
was used for identification is present in almost all bacteria or archaea; thus, it has low 
phylogenetic power on the species level (Janda and Abbott, 2007). A higher resolution of 
sequencing would be helpful to ascertain the occurrence of a specific microbial family or 
biogeochemical processes in the SGD pathway. This may include the use of primers that 
target and amplify specific genes related to, for example, the denitrification process (Braker 
et al., 1998) or pathogenic bacteria (Greisen et al., 1994; Rinttilä et al., 2004). 
Concluding remarks 
In summary, this thesis has contributed to the as of yet scarce knowledge about nutrient and 
pollutant flux by SGD in tropical areas. SGD rates were found to be relatively higher in this 
climatical and geological setting, when compared to other studies in temperate regions. A 
combination of total population, type of land use, availability of sanitary infrastructure, and 
the extent of environmental law enforcement played a role in determining the level of 
chemical and biological contaminants transported by SGD from land to ocean. Subsequently, 
this may lead to environmental and health impacts, such as coastal eutrophication from 
nutrients and waterborne illnesses from bacterial pathogens. SGD investigation also provides 
deeper insights for coastal regulators in preventing or minimizing terrestrial pollutants that go 
into the ocean. For example, while the concept of rivers as the main source of land pollutants 
to coastal waters remains true in some cases, this study also demonstrated that SGD plays a 
major role as a pollutant delivery pathway from land to ocean. Hence, the notion of land–
ocean pollutant containment should be broadened to not only cover river water management, 
but also groundwater management. Altogether, the results of this study are particularly 
relevant to developing nations, which comprise more than 90% of countries located in the 
tropical belt. SGD studies in this region are still scarce; however, seeing the importance of 
this local study in Indonesia, future investigations may provide better knowledge about the 
complexity of SGD in this region, and subsequently a better evaluation and monitoring of the 
105 
 
tropical coastal water ecosystem. The formulation of environmental strategies that include 
science, society, the private sector, and the government is of fundamental value, not only to 
establish a good water quality status, but also to provide sustainability of directives in the 
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Abstract 
In this study we evaluated the magnitude and seasonal variations of natural and 
anthropogenic fluxes of inorganic (NO3-, NH4+, and PO43-) and organic (DON and DOC) 
nutrients delivered by submarine groundwater discharge (SGD) and rivers to the fourth 
largest estuary in the USA, Mobile Bay in Alabama. To identify the SGD nutrient sources in 
the estuary and their biogeochemical transformation in the subsurface, we applied a multi 
method approach that combines geochemical nutrient (N and P) mass-balances, stable 
isotope (nitrate δ15NNO3 and δ18ONO3 and sediment organic matter δ13Corg and δ15Norg) 
signatures, microbial DNA abundance analyses, dissolved organic matter (DOM) source-
composition, and shallow estuarine sediment lithological analyses. We found that during the 
dry season SGD delivered nearly a quarter of the total nutrient inputs to Mobile Bay. These 
SGD fluxes were anoxic and nitrogen (N) was delivered to the bay almost entirely as NH4+ 
and DON, which represented more than half of the total NH4+ and almost one fifth of the total 
DON inputs to the bay. We further observed that these significant SGD-derived N fluxes 
occurred exclusively to the east shore of Mobile Bay. We demonstrate here that although the 
Mobile Bay coastal area is largely developed and anthropogenic influences are well 
documented, a shallow sediment peat layer identified only on the east shore of the bay 
serves not only as a conduit for SGD but also as the main source of the exceptionally high 
NH4+ and DON fluxes found here. We found that the high groundwater NO3- concentrations 
observed further inland from over-fertilization also identified by previous studies, decrease 
dramatically as groundwater percolated through the intertidal zone of the coastal aquifer. The 
microbial community identified in the coastal sediments suggested that denitrification and 
dissimilatory nitrate reduction to ammonium (DNRA) were the main processes responsible 
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for this extensive removal of anthropogenic N. Furthermore, the groundwater δ15NNO3 and 
δ18ONO3 4 signatures indicate no significant direct anthropogenic inputs from fertilizers, 
manure or sewage waste to the bay. The findings of this study show that natural sources of 
nutrients dominate over anthropogenic inputs despite the extensive development of Mobile 
Bay. We hypothesize that similar subsurface biogeochemical processes most likely occur in 
other shallow estuaries of the Northern Gulf of Mexico and worldwide.  
Contributions to the manuscript 
Bacterial abundance and metabolic pathways in groundwater 
In groundwater collected from the SE-Well-2 inland well on the east shore, aerobic facultative 
freshwater genera Acinetobacter, Catenococcus, Vogesella, Rheinheimera, Sphingomonas, 
and Nitrospira (Gammaproteobacteria and Alphaproteobacteria classes) were the most 
abundant genera of bacteria. The main metabolic pathways of these bacteria in the inland 
groundwater were aerobic organic matter mineralization (Vogesella, Sphingomonas, and 
Acinetobacter), nitrification (Nitrospira), and sulfur reduction (Catenococcus). 
In groundwater samples collected from the intertidal piezometers installed in the peat layer 
on the east shore (SE-Pz-1 and SE-Pz-4.5-A to SE-Pz-4.5-F), the most abundant bacterial 
classes were Deltaproteobacteria, Anaerolineae, Dehalococcoidia, Thermodesulfovibrionia, 
and Actinobacteria. The primary metabolic pathways of these bacteria are NO3-, sulfate 
(SO42-), and ferrous iron (Fe2+) reduction by the three genera of Deltaproteobacteria 
(Geobacter, Desulfobacca, and Desulfatiglans) and organic matter mineralization by the 
fermenters and hydrolyzers (genera Dehalococcoidia and Anaerolineae). Abundant 
methanogenic bacteria (genera Methanoregula and Methanolinea) were also observed in 
samples SE-Pz-1, SE-Pz-4.5-C, and SE-Pz-4.5-D. 
In groundwater recovered from the intertidal piezometers of the northeastern shore (NE-Pz-
1A, NE-Pz-1B, and EN-Pz-5), the dominant genera of Gammaproteobacteria were methane-
oxidizing bacteria Methylobacter, Methylococcus, and Sporosarcina. These methanotrophs 
were not found in any other samples. 
Microbial transformations of nutrients in groundwater 
To identify the biogeochemical transformations responsible for the observed nutrient 
transformations in the Miocene-Pliocene Aquifer, we used the bacterial abundance 
distributions as a proxy for dominant metabolic pathways in groundwater. Metabolic 
interpretations were combined with site-specific redox conditions and rates of 
anthropogenic/natural nutrient supply. 
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As we suggested earlier, the high levels of NO3- and DON (Table 2) detected in the inland 
wells of the east shore are, in part, a result of the abundant agricultural activities in this area. 
However, oxic conditions and the presence of genera Vogesella, Sphingomonas, and 
Acinetobacter also indicate that the high DON observed in this inland zone (Table 2) must be 
undergoing aerobic mineralization. The final degradation products of this mineralization result 
in nitrite (NO2-), which is then fully oxidized to NO3- via nitrification, as confirmed by the 
abundant presence of the nitrifier genus Nitrospira (Watson et al., 1986). 
At the intertidal zone of the southeastern shore, the shallow groundwater collected from a 
depth of up to 60 cm using a multi-level piezometer SE-Pz-4.5 (samples SE-Pz-4.5-A and 
SE-Pz-4.5-B) showed mostly aerobic microbial communities. The abundant presence of 
Cyanobiaceae, oxygen-producing autotrophic bacteria, and strictly aerobic bacteria, such as 
Deinococcus and Aquicella, indicate that the upper-most sand layer is a well-oxygenated 
environment (Brooks and Murray, 1981; Santos et al., 2003; Stanier et al., 1971). However, 
at greater depths of 60–150 cm (samples SE-Pz-1, SE-Pz-4.5-C, and SE-Pz-4.5-D) using the 
same piezometer and coinciding with the presence of the peat layer, the water was anoxic 
and dominated by anaerobic bacteria. We identified a microbial community of hydrolyzers 
and fermenters (Dehalococcoidia, Anaerolineaceae), denitrifiers (Thermodesulfovibrionia), 
iron reducers (Geobacter), sulfate-reducing bacteria (Desulfobacca and Desulfatiglans), and 
methanogens (Methanoregula and Methanolinea) commonly found together in highly 
reducing environments as a syntrophic microbial consortium (Kuever, 2014a; Kuever, 2014b; 
Liu et al., 2018; Maus et al., 2018; Yamada et al., 2006). In this peat layer (as in similar 
organic-rich environments), the hydrolyzers and fermenters initiate the abundant organic 
matter mineralization, further utilized by nitrate-, iron,- and sulfate-reducing bacteria and, 
under lower availability of preferred electron acceptors, by methanogens to produce methane 
(Hattori, 2008). 
Some of the identified bacteria in the peat layer most likely use different electron acceptors 
depending on environmental conditions, such as tidal variations and seasonal changes in the 
SGD rate. For instance, the class Thermodesulfovibrionia and genus Geobacter are known 
to utilize NO3-, Fe2+, and SO42- as electron acceptors simultaneously (Lovley et al., 1993; 
Sekiguchi et al., 2008). As no obligate Fe2+-reducing bacteria were found in the peat layer 
during this study, the N transformations in this sediment layer are most likely dominated by 
organic matter mineralization, SO42- reduction, and methanogenesis. The thriving community 
of SO42--reducing bacteria can result in significant sulfide (S2-) production, inhibiting the 
production of NO3- via nitrification. However, the production of S2- also lowers the rate of 
denitrification (An and Gardner, 2002). Consequently, the massive net production of NH4+ 
must be generated not only by the abundant organic matter mineralization, but also via 
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dissimilatory nitrate reduction to ammonium (DNRA). Sulfate-reducing bacteria are known to 
have the secondary capacity to implement DNRA, because sulfite reductase is very similar 
and works constitutively with the nitrite reductase gene NrfA (Mitchell et al., 1986; Moura et 
al., 1997; Seitz and Cypionka, 1986; Tiedje, 1988; Widdel and Pfennig, 1982). Furthermore, 
the occurrence of DNRA in the presence of high S2- concentrations has also been reported in 
coastal sediments of other estuaries and coastal lagoons worldwide (An and Gardner, 2002; 
Bernard et al., 2015; Gardner et al., 2006; Rysgaard et al., 1996). 
Below the peat layer in the transition sand at a depth of 150–180 cm, the bacterial 
community in sample SE-Pz-4.5-F was almost entirely composed of aerobic bacteria (e.g., 
Pirelullaceae, Gaiellales, Nocardioides, Mesorizhobium, Verrumicrobium, and Curvibacter) 
(Albuquerque et al., 2011; Ding and Yokota, 2004; Jarvis et al., 1997; Prauser, 1976). This 
depth corresponds with the well-oxygenated groundwater flowing from the inland zone of the 
Miocene-Pliocene Aquifer, further supporting the notion that the observed net production of 
DON and NH4+ naturally originates in the peat layer as SGD occurs to the bay.   
In contrast, in the intertidal piezometers of the northeastern shore (samples NE-Pz-1-A, NE-
Pz-1B, and EN-Pz-5) installed in the artificial beach coarse sand, we observed the 
coexistence of obligate aerobic and anaerobic facultative bacteria, indicative of a well-
oxygenated environment. We found high abundances of aerobic methanotrophic bacteria 
(Methylobacter and Methylococcus), which are also capable of performing nitrification, as 
their key enzyme (methane monooxygenase) is evolutionarily linked with the primary enzyme 
to oxidize ammonia (ammonia monooxygenase) (Holmes et al., 1995). On the northeastern 
shore, as SGD occurs, groundwater can force high amounts of NH4+ and methane produced 
in the peat layer to migrate toward the coarse sand and ultimately to the bay. Methylobacter 
and Methylococcus are most likely responsible for the lower NH4+ and higher NO3- 
concentrations in this study site by converting NH4+ into NO3- via nitrification using methane 
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